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was	 warranted.	 Arabidopsis	 thaliana	 was	 used	 as	 a	 model	 to	 investigate	 the	
response	 to	 phosphite	 by	 looking	 at	 changes	 to	 relevant	 genes	 by	 ethyl	
methanesulphonate	 mutant	 analysis	 and	 by	 natural	 genetic	 variation	 between	
accessions.		
The	ethyl	methanesulphonate	analysis	resulted	in	a	phosphite	tolerant	mutant	with	
a	 significantly	 altered	 root	 phenotype.	 However,	 this	 was	 lost	 after	 out-	 and	
backcrosses	 and	 hence	 the	mutation	 remains	unknown.	 The	 presence	 of	 natural	
genetic	variation	between	different	accessions	was	shown	and	highlights	that	the	
phosphate	starvation	response	can	be	used	to	investigate	responses	to	phosphite.	
Notably,	 this	 study	was	 the	 first	 to	 examine	 long-term	 exposure	 to	 phosphite	 in	
A.	thaliana,	 allowing	 phosphate	 usage	 efficiency	 instead	 of	 variation	 on	
phosphate/phosphite	 uptake	 competition	 to	 be	 examined	 in	 detail.	 Out	 of	 18	
accessions	screened,	two	contrasting	accessions	Bur-0	and	Col-0	were	shown	to	be	
suitable	 to	 investigate	 genetic	 variation,	 leading	 to	 the	 identification	 of	 highly	
significant	quantitative	trait	loci’s.	In	turn,	locally	acting	phosphate	distribution	and	
recycling	 genes	 were	 shown	 to	 respond	 differently	 to	 phosphite	 between	
accessions.	These	candidate	genes	were	 further	 investigated	and	hypothesised	to	
increase	phosphate	use	efficiency	resulting	in	better	plant	growth.		
This	 study	 confirmed	 differences	 in	 the	 sensing	 and	 the	 distinction	 between	
phosphate	 and	 phosphite	 between	 accessions.	 Furthermore,	 the	 phosphate	 and	
phosphite	status	of	the	vacuole	in	the	shoot	and	selective	sequestration	was	shown	
to	 be	 involved	 in	 systematic	 phosphate	 starvation	 response	 regulation	 and	
signalling	of	adaptations	in	root	development.	Additionally,	the	highest	measured	
gene	induction	was	measured	for	the	Pathogen	Resistance1	gene	in	Col-0,	proving	a	
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mutant	lines	(n=11-17,	≤10	plants	from	duplicate	plates).	Bars	
represent	standard	errors	of	the	mean.	Accessions	or	mutant	
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of	 the	mean.	Accessions	or	mutant	 lines	 that	 share	 category	
letters	 (upper	 case	 in	 control	 medium,	 lower	 case	 in	 Phi	
treatment)	are	not	significantly	[P≤0.05	Two	Way	ANOVA	post	
hoc	 Tukey	 analysis]	 different.	 All	 lines	 responded	 to	 Phi	









Figure	3.1	 Effect	 of	 phosphite	 on	 root	 development	 in	 accessions	 of	A.	
thaliana.	Primary	root	length	of	six	accessions	under	control	
and	Phi	treatment	conditions.	(A)	average	root	length	in	mm,	





Figure	3.3	 Observation	 of	 significantly	 [P<0.01]	 reduced	 primary	 root	
length,	 from	 control	 (0.5mM	 Pi)	 to	 Phi	 (0.1/0.4mM	 Pi/Phi)	
treatment	in	18	A.	thaliana	accessions	after	13d	of	growth.	Bars	
represent	standard	errors	of	 the	mean	 (number	of	 analysed	






=100%)	 after	 13d	 between	 18	 A.	 thaliana	 accessions.	 Bars	
represent	standard	errors	of	 the	mean	 (number	of	 analysed	
seeds	 combined	 from	 duplicate	 plates,	 n=16-7).	 Accessions	
that	 share	 category	 letters	 are	 not	 significantly	 [P<0.05	One	
Way	ANOVA	analysis]	different.	....................................................................3-57	
Figure	4.1	 Small	 scale	 hydroponic	 experimental	 setup.	 Shown	 are	
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old	 A.	 thaliana	 accessions	 in	 control	 (0.5mM	 Pi)	 and	 Phi	
(0.1/0.4mM	 Pi/Phi)	 treatment	 conditions	 (A).	 Percentage	
reduction	of	primary	root	length	with	Phi	treatment	compared	
to	the	control	(B).	Bars	represent	standard	errors	of	the	mean	
(three	 replicate	plates	of	 eight	seedlings	per	accession;	 total	
number	 of	 seedlings	 analysed	 n=16-24).	 All	 accessions	







treatment	 of	 11d	 old	 A.	 thaliana	 accessions	 (A).	 Percentage	
reduction	of	lateral	root	number	with	Phi	treatment	in	relation	
to	the	control	(B).	Bars	represent	standard	errors	of	the	mean	






Figure	4.4	 Comparison	 of	 average	 lateral	 root	 density	 (lateral	 root	
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treatment	 compared	to	 control	 (B).	Bars	 represent	standard	
errors	of	the	mean (three	replicate	plates	of	eight	seedlings	per	
accession;	 total	 number	 of	 seedlings	 analysed	 n=16-24).	
Accessions	that	share	category	letters	(upper	case	in	control	




Figure	4.5	 Correlation	of	 relative	 reduction	 in	 lateral	 root	 number	 and	
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in	six	11	old	A.	 thaliana	 accessions	 (three	replicate	plates	of	





Figure	4.6	 Comparison	of	 the	 average	 fresh	weight	 of	pooled	 seedlings	






share	 category	 letters	(upper	 case	 in	control	medium,	 lower	
case	in	Phi	treatment)	are	not	significantly	[P≤0.05	Two	Way	
ANOVA	post	hoc	Tukey	analysis]	different.	Reduction	of	fresh	
weight	was	 significant	 for	Bur-0	and	Ri-0	 in	response	 to	Phi	
treatment.	................................................................................................................4-81	
Figure	4.7	 Comparison	 of	 average	 inorganic	 Pi	 and	 Phi	 concentrations	
(A),	 and	 average	 whole	 plant	 Pi	 and	 Phi	 content	 (B)	 in	
seedlings	 from	 six	 11d	 old	A.	 thaliana	 accessions	 in	 control	
(0.5mM	Pi)	and	Phi	treatment	(0.1/0.4mM	Pi/Phi)	conditions.	
The	 Pi	 concentration	 was	 determined	 only	 in	 the	 control	
treatment.	 Cellular	 Pi	 and	 Phi	 concentration	 of	 Phi	 treated	
plants	 stacked	 as	 a	 representation	 of	 combined	 Pi	 and	 Phi	
concentration	in	seedling	accessions	(three	replicate	plates	of	
eight	 seedlings	 per	 accession;	 total	 number	 of	 seedlings	
analysed	n=16-24).	Bars	represent	 standard	error	of	means.	
All	 accessions	 had	 a	 significantly	 (P≤0.05	 Two-Way	 ANOVA	
post	hoc	Tukey	analysis)	reduced	Pi	content	in	Phi	treatment,	
and	accumulated	more	Pi	than	Phi.	..............................................................4-82	
Figure	4.8	 Comparison	 of	 Pi	 concentration	 in	 Phi	 treated	 plants	
(0.1/0.4mM	 Pi/Phi)	 given	 as	 a	 percentage	 of	 the	 control	
(0.5mM	Pi)	 in	11d	old	A.	 thaliana	accessions.	Bars	represent	
standard	 errors	 of	 the	mean	 (three	 replicate	 plates	 of	 eight	
seedlings	 per	 accession;	 total	 number	 of	 seedlings	 analysed	
n=16-24).	 Accessions	 with	 shared	 category	 letters	 are	 not	
significantly	 [P≤0.05	 Two	 Way	 ANOVA	 post	 hoc	 Tukey	






to	 Phi	 treatment	 (0.025/0.225mM	 Pi/Phi).	 Bars	 represent	




for	 control	medium,	and	Latin	numbers	 for	Phi	 treatment	of	
root	tissue)	are	not	significantly	[P≤0.05	Two	Way	ANOVA	post	
hoc	Tukey	analysis]	different	between	accessions.	Reduction	of	




Phi	 treatment	 (0.025/0.225mM	 Pi/Phi)	 conditions.	 Shoot	
growth	(measured	in	fresh	weight)	for	Col-0	was	significantly	
(P<0.01)	 higher	 in	 control	 conditions	 [A],	 while	 in	 Phi	
treatment	 [B]	 the	 difference	 was	 not	 significant	 (P=0.319).	
Root	growth	for	Bur-0	in	control	was	similar	in	length	but	with	
less	 lateral	 root	 growth,	 while	 in	 Phi	 treatment	 Bur-0	 was	
stunted	compared	 to	Col-0	and	significantly	 (P<0.05)	 lighter	
[C].	...............................................................................................................................	4-87	
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FW]	of	 34d	old	A.	thaliana	 accessions	Bur-0	 and	Col-0,	 from	
control	 (0.25mM	 Pi)	 to	 Phi	 treatment	 (0.025/0.225mM	
Pi/Phi).	Bars	represent	the	standard	error	of	the	mean	(eight	
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and	 accession	 n=31-32).	 Bars	 that	 share	 category	 letters	
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Figure	4.12	 Comparison	of	reduced	shoot	Pi	 concentration	 in	34d	old	A.	
thaliana	 accessions	 of	 Bur-0	 and	 Col-0	 between	 Phi	 treated	
plants	(0.025/0.225mM	Pi/Phi)	relative	to	controls	(0.25mM	
Pi)	 as	 a	percentage	of	 tissue	 concentration	 [µmol/g	 FW]	A).	
Comparison	of	the	relative	reduction	in	plant	total	Pi	content	
[Pi	 µmol/plant]	 between	 accessions	 in	 per	 cent	 of	 control	
(control=100%)	 in	 response	 to	 Phi	 treatment	 B).	 Bars	
represent	the	standard	error	of	the	mean	(eight	plants	per	box	
from	 four	 replicate	 boxes	 for	 each	 treatment	 and	 accession	







replicate	 boxes	 for	 each	 treatment	 and	 accession	 n=31-32).	




Figure	4.14	 Changes	 in	 chlorophyll	 concentration	 of	 34d	 old	A.	 thaliana	
accessions	 Bur-0	 and	 Col-0	 in	 control	 (0.25mM	 Pi)	 and	 Phi	












Figure	4.15	 Changes	 in	 total	 plant	 chlorophyll	 content	 of	 34d	 old	 A.	
thaliana	 accessions	Bur-0	 and	 Col-0	 in	 control	 (0.25mM	 Pi)	
and	 Phi	 treated	 (0.025/0.225mM	 Pi/Phi)	 hydroponically	
grown	plants.	(A)	Chlorophyll	a	(µg/plant),	(B)	chlorophyll	b	
(µg/plant),	 (C)	 total	 chlorophyll	 (µg/plant),	 and	 (D)	
chlorophyll	 a/b	 ratio.	 Bars	 represent	 SE	 of	 the	 mean	 from	
pooled	plants	 shown	 in	 columns	 (eight	plants	per	 box	 from	
four	replicate	boxes	 for	each	 treatment	and	accession	n=31-
32).	 When	 samples	 of	 the	 same	 medium	 do	 not	 share	 a	





and	 sulphur	 stress	 response	 genes	 and	 hormone	 response	
genes	in	A.	thaliana	accessions	Col-0	and	Bur-0	in	response	to	
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plant	samples	n=5-6,	 except	Bur-0	 for	ANR1	n=2-4;	VSP2	 in	
Col-0	 control	 n=3).	 Statistical	 significance	 (P≤0.05)	
determined	by	Two	Way	ANOVA	analysis	including	post	hoc	
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Phi	 (0.1/0.4mM	 Pi/Phi)	 treatment	 conditions	 after	 12d	
between	 20	 lines	 from	 the	 A.	 thaliana	 Bur-0	 x	 Col-0	
recombinant	 inbred	 line	 core	 population,	 plus	 the	 parental	
lines	 Bur-0	 and	 Col-0,	 known	 to	 show	 large	 variation	 in	
response	to	Phi.	Bars	represent	standard	errors	of	 the	mean	





Pi/Phi)	 treatment	 conditions	 as	 a	 percentage	 of	 the	 control	
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recombinant	 inbred	 line	 core	 population,	 plus	 the	 parental	
lines	Bur-0	and	Col-0,	 known	to	show	large	variation	to	Phi.	




Pi/Phi)	 treatment	 conditions	 as	 a	 percentage	 of	 the	 control	
(0.5mM	Pi,	represented	by	dotted	 line	100%)	after	12d	of	A.	













Bars	 represent	 standard	 errors	 of	 the	 mean	 (number	 of	
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and	 dashed	 line	 represents	 the	 average	 of	 Bur-0	 samples	
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they	 exceeded	 the	 threshold	 of	 3.06	 (1000	 permutations,	
P≤0.01),	whereas	 LRD	 peak	 [3]	was	 significant	 (P≤0.05),	 by	




Figure	5.11	 Heat	 map	 showing	 hierarchical	 cluster	 analysis	 of	 QTL-1	
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to	 Pi	 deprivation	 or	 resupply	 selected	 from	 Genevestigator	
perturbation	 analysis	 of	 14	 cluster	 analysis	 data	 sets.	
Colouration	 of	 the	 boxes	 indicate	 the	 fold	 change	 induction	
[red]	 or	 inhibition	 [blue]	 of	 the	 genes	 compared	 to	 the	
individual	 control	 conditions.	 Genes	 are	 grouped	 based	 on	
strong	 induction	 in	 response	 to	 lack	 of	 Pi	 [1],	 expression	
inhibition	 by	 Pi	 deprivation	 [2],	 medium	 inhibition	 by	 Pi	
starvation	[3].	An	alternative	cluster	[4]	(black	frame)	includes	
genes	induced	1h,	6h	or	24h	after	a	shift	from	Pi	sufficiency	to	
deprivation.	 Details	 of	 growth	 conditions	 and	 source	
references	of	the	14	sets	are	described	in	Table	5.1..........................	5-134	
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plants	 [3],	 and	 a	 fourth	 category	 including	 genes	 that	 are	




























samples,	 Col-0	 n=5,	 except	 for	 PHO1;H10	 n=4,	 Bur-0	 n=6).	





A.	 thaliana	 shoots,	 comparing	 the	 average	 response	 to	
phosphite	(Phi)	treatment	in	Col-0	(number	of	analysed	plant	
samples	 n=4-6;	 except	 VSP2=5-3,	 PHT1;5&PHT1;7=4-3)	 and	
Bur-0	(n=4-6;	except	ANR1=4-2)	for	ten	QTL	candidate	genes	
(	*	)	and	25	genes	known	to	be	related	to	phosphate	starvation,	
general	 stress,	 pathogen	defence	 response	or	other	nutrient	
deficiencies.	 Raw	 data	 were	 normalised	 against	 A.	thaliana	




Bur-0	 (A).	Variation	of	 relative	 expression	 between	Col-0	 as	
reference	 to	 Bur-0	 in	 identical	 growth	 conditions	 was	
performed	 for	 the	 control	 and	 Phi	 treatments	 (B),	 where	 in	
50%	 of	 the	 candidate	 genes,	 expression	 in	 control	 and	 Phi	
treatment	 was	 lower	 in	 Bur-0,	 while	 the	 remaining	 five	
candidates	were	expressed	higher	in	Bur-0	plants	than	Col-0	in	






and	 [D]	 Phi	 exposure	 in	Bur-0.	 Transport	 of	 Pi	 and	 Phi	 are	
shown	as	a	red	 line,	 and	Pi	response	signalling	 indicated	by	
dashed	 line	 for	 Pi	 usage	 efficiency/recycling	 and	 phosphate	
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Chapter 1 Literature review 
1.1 General Introduction  
Oomycete	 pathogens	 have	 a	 severe	 impact	 on	 plants	 in	 natural	 ecosystems,	
agriculture	and	horticulture.	The	damage	they	cause	can	be	as	high	as	100%	in	some	
crops	 and	under	 favourable	 conditions,	 estimated	 to	 be	 an	 equivalent	 of	 several	












of	 action	 of	 how	 the	 plant’s	 immune	 system	 is	 boosted	 has	 not	 been	 fully	




of	paramount	 importance	 to	gain	a	better	understanding	of	 the	mechanisms	and	
mode	of	action	 in	plants	in	relation	to	phosphite,	which	 is	 the	aim	of	 the	current	
study.	To	learn	how	Phi	boosts	plant	defence,	how	the	plant	senses	phosphite	and	
how	the	uptake	mechanisms	play	a	role	in	this	needs	to	be	determined.	Moreover,	







can	 be	 enhanced	 by	 using	 varieties	 of	 plants	 that	 are	 further	 protected	 by	 Phi	
because	 of	 their	 higher	 uptake	 or	 usage	 efficiency.	 By	 identifying	 the	 genes	 that	
control	uptake,	 a	 simple	genetic	 test	 to	 identify	 such	varieties	 can	be	developed.	
Moreover,	our	results	will	allow	a	more	effective	way	of	utilising	Phi,	such	as	guiding	
the	timing	of	application	to	allow	increased	efficiency	against	the	pathogen.		





Finnegan,	 2010).	 Furthermore,	 phosphorylated	 molecules	 are	 abundant	 in	
biochemistry	and	play	major	roles	in	information	storage	and	transfer	(as	RNA	and	
DNA),	 metabolism	 (ATP,	 NADPH	 and	 other	 co-facilitators)	 and	 structural	
components	such	as	phospholipids	(Poirier	and	Bucher,	2002;	Doerner,	2008;	Yang	
and	Finnegan,	2010;	Chiou	and	Lin,	2011;	Zhang	et	al.,	2014).		
Given	 the	 importance	 of	 phosphorus,	 the	 occurrence	 of	 organic	 and	 inorganic	
compounds	 containing	 phosphite	 (H2PO3-	 or	 HPO32-;	 Phi)	 are	 of	 relevance	when	
investigating	 the	 effects	 of	 Phi	 on	 plant	 metabolism.	 Phosphite,	 the	 salt	 of	
phosphorous	acid	is	the	reduced	form	of	phosphate	(H2PO4-;	Pi)	which	contains	a	
nonacidic	or	non-ionisable	hydrogen	atom	instead	of	a	hydroxyl	group,	resulting	in	
a	 valance	 of	 3+	 in	 Phi	 compared	 to	 that	 of	 Pi	 with	 a	 valence	 of	 5+.	 Despite	 this	
variation,	 the	 orthophosphite	 anion	 (H2PO3-	 or	 HPO32-)	 can	 be	 considered	 an	
analogue	of	the	Pi	anion	orthophosphate	(H2PO4-	or	HPO42_)	(Ticconi	et	al.,	2001).	In	
higher	plants	this	Pi	is	noticeably	the	most	relevant	source	of	P	for	plant	metabolism	
(McDonald	 et	 al.,	 2001a;	 Varadarajan	 et	 al.,	 2002).	 The	 three-dimensional	
similarities	 between	 Pi	 and	 Phi	 are	 influenced	 by	 the	 difference	 in	 partial	






Figure 1.1 Difference in structure between phosphate (orthophosphate, Pi) and 
phosphite (Phi) with a focus on angles and bond length, with possible H-bonds illustrated 
by grey dotted lines. (Image courtesy of P. Stasikowski based on data by Greenwood and 
Earnshaw (1997)). 
This	is	further	supported	by	the	shifting	of	the	tautomeric	equilibrium	towards	the	
tetra	 coordinated	 form	 (phosphorous	 acid)	 over	 phosphonic	 acid	 (equation	 [1])	
(Guthrie,	1979;	Kraszewski	and	Stawinski,	2007).	Comparison	of	disassociation	of	
Phi	 (equations	[2]	 and	 [3])	 and	Pi	 (equations	[4]	 to	 [6])	 also	 show	 the	 similarity	
between	the	two	molecules,	especially	at	neutral	and	biologically	relevant	pH.		
Tautomeric	equilibrium:		
P(OH)3	 	⇄		 HPO(OH)2		 [1]	
Phosphite	dissociation:	
H3PO3		 à		 H2PO3-		+	H+	 pKa	=	1.3	 [2]	
H2PO3-	 à	 HPO3+2-	+	H+	 pKa	=	6.7		 [3]	
Orthophosphate	dissociation:	
H3PO4		 à		 H2PO4-		+	H+	 pKa	=	2.6	 [4]	
H2PO4-	 à	 HPO42-	+	H+	 pKa	=	7.21	 [5]	
HPO42-	 à	 PO43-	+	H+	 pKa	=	12.32	 [6]	
Although	 chemically	 and	 structurally	 similar	 at	 biologically	 relevant	 pH,	 a	
substitution	of	Pi	by	Phi	 for	 the	majority	of	biological	processes	appears	unlikely	
due	 to	 differences	 in	 size,	 charge	 and	 oxidation	 state.	 Phi	 uptake	 in	 higher	
eukaryotes	 is	 well	 recorded	 in	 host	 and	 pathogen	 species,	 such	 as	 plants	 and	
oomycetes	 (Cohen	 and	 Coffey,	 1986;	 Guest	 and	 Grant,	 1991;	 Varadarajan	 et	 al.,	




Fig. 2.1: The structural differences between orthophosphate and phosphite showing bond lengths and 
angles as indicated (from Greenwood and Earnshaw, 1984). Dotted lines represent possible H-bonds to 
other molecules. 
Phosphite also contributes to the overall phosphate balance of the cell, as is 
evidenced by its inhibition of the phosphate starvation response (McDonald et al., 
2001).   Becau e of the structural and chemical similarity between phosphite and 
orthophosphate the interaction between the two analogues within a plant or pathogen 
is likely to be central to the ways in which phosphite exerts its varied biochemical and 
physiological effects.  Consequently the role of orthophosphate (Pi) in cell 
metabolism is examined in the following section.   
2.3.2 The biological role of orthophosphate 
Phosphorus is an essential element required for cell replication and normal growth 
(Table 2.1).  Healthy organisms need phosphate in the form of orthophosphate at 
concentrations between 2 – 500 mM (Thibaud and Nussaume, 2005). The 
concentration of phosphate in the cytoplasm of most plants is about 5 – 20 mM 
(Smith et al., 2003).  Phosphorus is essential for the biosynthesis of DNA, RNA, ATP, 
phospholipids, phosphoproteins, and it participates in virtually all metabolic pathways 
including those related to growth, replication, and response to environmental cues 
mediated by signal transduction pathways. Without phosphorus cells cannot function.   
Phosphorylated molecules are anionic and their movement within the cell is 
constrained by their inability to traverse (polar) lipid membranes without the aid of a 
transporter, as is the case with orthophosphate for which several uptake mechanisms 









1.2.1 Phosphite in the environment 
Records	on	natural	occurrence	of	Phi	in	the	environment	are	limited	(Hanrahan	et	
al.,	 2005;	 White	 and	 Metcalf,	 2007;	 Pech	 et	 al.,	 2009),	 yet	 theories	 towards	 its	
historical	 relevance	 and	 origin	 may	 provide	 information	 to	 understand	 today’s	
prevalence	to	find	phosphorus	mostly	in	its	fully	oxygenised	form	Pi.	
While	 investigating	 the	 earth’s	 history	 and	 chemical	 composition,	 Pasek	 (2008)	
hypothesised	that	reduced	P-compounds,	including	phosphite	may	have	originated	
from	 the	oxidation	of	 iron-nickel	phosphides	 schreibersite	 ((Fe,Ni)3P)	present	 in	
meteorites.	Under	aqueous	conditions	more	than	50%	of	the	P	in	schreibersite	can	
get	reduced	into	phosphite,	pyrophosphate,	triphosphate,	and	phosphonates.		
















abundance	 compared	 to	 phosphate	 (Hanrahan	 et	 al.,	 2005)	 and	 is	 found	
predominantly	 in	 anaerobic	 sediments	 (Gassmann	 and	 Schorn,	 1993),	 in	 water	







(Schink	 and	 Friedrich,	 2000;	 White	 and	 Metcalf,	 2007).	 The	 mechanisms	 of	
converting	phosphonates	to	Pi	has	been	comprehensively	summarised	by	Ohtake	et	
al.	 (1996).	 In	 contrast	 to	 evidence	 from	 prokaryotes	 there	 are	 no	 reports	 of	
eukaryotic	plants	able	to	utilise	Phi	directly	for	growth.	Although	a	number	of	plant	
species,	including	several	crops,	have	been	examined	for	their	ability	to	utilise	Phi	




1.3 Phosphite application against plant pathogens 
Historically,	the	use	of	synthetically	reduced	P-species	(phosphonates,	phosphorous	
acid	 or	 phosphite)	 was	 first	 investigated	 for	 potential	 use	 as	 an	 alternative	 to	
P-fertilizers	in	Germany	during	the	1930’s	(Mengdehl,	1933)	and	subsequently	the	
1950s	in	the	U.S.A.	(MacIntire	et	al.,	1950)	with	the	aim	of	identifying	a	long	lasting	
slow	 release	 fertiliser.	 The	 results	 were	 considered	 unsatisfactory,	 as	 we	 know	
today	this	is	because	plants	cannot	use	Phi	directly	as	a	source	of	Pi.	Phi	must	first	
be	oxidised	to	Pi	before	it	can	be	used	by	plants.		
Systematic	 screening	 for	 synthetic	 compounds	 for	 antifungal	 properties	 in	 the	




active	 component	 of	 the	 phosphorous	 acid	 or	 its	 alkali	 metal	 salts	 have	 active	
properties	 against	 oomycete	 pathogens	 (Guest	 and	 Grant,	 1991).	 This	 offered	 a	














as	 horticultural	 plants	 and	 also	 native	 plants	 against	 Phytophthora	 cinnamomi	
(Hardy	et	al.,	2001).	Phosphite	has	also	been	used	to	protect	plants	against	other	
species	 of	 oomycetes,	 e.g.	 lettuce	 against	 the	 downy	 mildew	 pathogen	 Bremia	
lactuca	(Brown	et	al.,	2004)	and	cucumber	and	turf	against	Pythium	species	(Cohen	
and	Coffey,	1986;	Abbasi	and	Lazarovits,	2006).	As	indicated	previously,	it	has	been	
shown	 that	 Phi	 exhibits	 a	 complex	 mode	 of	 action,	 acting	 both	 directly	 on	 the	








1.3.1 Impact of phosphite on microbial pathogens 
The	 impact	 of	 phosphite	 treatment	 on	 pathogens	 has	 been	 observed	 to	 include	
alterations	 in	 physiology,	 metabolism,	 genetics	 and	 lifestyle	 of	 the	 individual	
pathogen.		
Changes	in	the	morphology	of	oomycete	pathogens	as	a	response	to	Phi	(5-50µg/ml)	
treatment	have	been	reported	 in	various	Phytophthora	 species	 leading	to	growth	
reductions	(Coffey	and	Joseph,	1985;	Dunstan	et	al.,	1990;	Barchietto	et	al.,	1992;	
Griffith	et	al.,	1993;	Wang	et	al.,	2010b).	The	most	severe	impact	of	Phi	(5-160µg/ml)	




Phi	has	also	been	 shown	 to	directly	 inhibit	 sporangia	 formation	 in	Phytophthora	
parasitica	and	Phytophthora	citrophthora	(Farih	et	al.,	1981a),	zoospore	formation	
in	Phytophthora	 parasitica	 (Farih	 et	 al.,	 1981b),	 sporangia	 production,	 zoospore	
release	 and	mycelia	 growth	 of	P.	 cinnamomi	 and	P.	 citricola	 (Coffey	 and	 Joseph,	
1985;	 Wilkinson	 et	 al.,	 2001b)	 and	 to	 induce	 dormancy	 in	 P.	 cinnamomi	
chlamydospores	 (McCarren,	 2006).	 In	 contrast,	 to	 the	 effects	 of	 sporangia	 and	
zoospore	 production,	 Phi	 at	 comparatively	 high	 concentrations	 (1-10mM)	





species	 of	 Phytophthora	 including	 changes	 in	 total	 phosphorus,	 ATP,	 NAD,	 lipid	
phosphates,	 sugar	 phosphates,	 polyphosphate	 nucleotides	 and	 pyrophosphate	
(Dunstan	et	al.,	1990;	Griffith	et	al.,	1990;	Niere	et	al.,	1990;	McDonald	et	al.,	2001a;	
Niere,	 2001).	 Most	 notable	 of	 these	 observations	 is	 the	 35-fold	 increase	 of	
pyrophosphate	(PPi)	concentration	reported	by	Niere	et	al.	(1994)	in	Phi	treated	P.	
nicotianae.	PPi	is	the	product,	precursor	and	regulator	in	a	multitude	of	biochemical	
reactions	 including	 nucleic	 acid,	 cAMP	 and	 tRNA	 synthesis	 as	 well	 as	 ubiquitin	
modulated	protein	degradation	(Keister	and	Minton,	1971;	Volloch	et	al.,	1979;	Kent	
and	Guterman,	1982;	Khvorova	et	al.,	1992).	Details	of	depleted	nucleotide	pools,	
along	with	 an	 increased	 enzyme	 activity	 of	 Pentose-6-Phosphate	 pathway	 up	 to	
1000-fold	in	Phi	treated	mycelia	of	Phytophthora	citrophthora,	have	been	reported	
(Barchietto	et	al.,	1992).	A	comparison	of	Phi	treated	to	Pi	treated	P.	citrophthora	
also	 revealed	 increased	 activity	 of	 UDP-glucose	 pyrophosphorylase	 by	 10-fold,	
whereas	alkaline	phosphatase	activity	was	up	by	nearly	five	times.		
More	 recent	 analysis	 into	 the	 effects	 of	 Phi	 on	 gene	 expression	 in	Phytophthora	
species	has	shown	that	at	least	43	genes	in	P.	cinnamomi	exhibit	changed	expression	










1.3.2 Phosphite induced host resistance 
As	most	plants	are	exposed	to	a	wide	variety	of	pathogens,	their	defence	systems	





the	 production	 of	 anti-microbial	 compounds	 such	 as	 phytoalexins	 and	 the	
production	 of	 reactive	 oxygen	 species	 (ROS).	 If	 the	 invading	 pathogen	 is	 not	
overcome	 by	 this	 first	 layer	 of	 defence,	 the	 plant	 activates	 a	 second	 layer	 by	





such	 as	 salicylic	 acid	 (SA),	 jasmonic	 acid	 (JA)	 and	 ethylene	 are	 required	 for	
activation	of	these	defences	(Boller	and	He,	2009).		





synthetic	defence	 signalling	molecules	 such	as	SA,	 JA	or	ethylene	 (Conrath	et	 al.,	
2006;	Pozo	et	al.,	2008).	Previous	reports	using	parsley	cells	treated	with	SA	and	
challenged	with	P.	sojae	elicitors	increased	levels	of	PAL	mRNA	and	other	cellular	









plant	 defence	 responses	 is	 involved	 in	 the	 resistance	 of	 plants	 treated	with	 Phi	
(Smillie	 et	 al.,	 1989;	 Guest	 and	 Bompeix,	 1990;	 Guest	 and	 Grant,	 1991).	 Indeed	
plants	treated	with	Phi	show	a	quicker	and	stronger	defence	response	to	infection	
compared	to	non-Phi	treated	control	plants	(Smillie	et	al.,	1989;	Molina	et	al.,	1998;	
Eshraghi	 et	 al.,	 2011;	 Massoud	 et	 al.,	 2012),	 similar	 to	 the	 priming	 mentioned	
previously.		
Moreover,	previous	reports	indicate	a	quicker	induction	of	defence	mechanisms	in	
response	 to	 challenge	 by	 Phytophthora	 species	 with	 an	 increase	 of	 phytoalexin	












Activated	Protein	Kinase	4	 (MAPK4)	 levels	 in	Phi	 treated	 inoculated	plants	were	




Massoud	 and	 colleagues	 confirmed	 the	 findings	 of	 dose-dependent	 defence	
inductions	by	Phi	with	what	they	described	as	an	indirect	inhibition	of	the	pathogen	





show	 a	 direct	 correlation	 between	 applied	 Phi	 concentrations	 and	 increased	
expression	levels	of	defence	genes,	such	as	PR1,	confirming	priming	capacity	of	Phi	
in	 plants,	while	Massoud	 et	 al.	 (2012)	 further	 implicated	 the	 involvement	of	 the	
mitogen-activated	protein	kinase	MPK4	in	the	priming	of	Arabidopsis.		
Although	 Phi	 induces	 resistance	 in	 plants	 against	 colonisation	 by	 oomycete	
pathogens,	it	does	not	kill	the	pathogen.	When	the	concentration	of	Phi	in	the	plant	
decreases	below	a	certain	threshold,	colonisation	of	the	plant	resumes	(Nemestothy	
and	Guest,	 1990).	 Therefore,	 the	 efficiency	 of	 phosphite	 in	 controlling	oomycete	
disease	depends	both	on	the	species,	the	concentrations	applied,	and	the	amount	of	
phosphite	absorbed	by	the	plant	(Barrett	et	al.,	2004).	As	Phi	application	rates	are	
similar	 to	phosphate	 fertilisers	 in	agricultural	situations	 (recommended	24kg/ha	
(Barrett,	2001))	it	has	so	far	proven	to	be	a	successful	but	costly	application.	The	
active	phosphite	is	oxidised	by	soil	bacteria	to	phosphate	and	therefore	reduces	the	
available	 bioactive	 Phi	 (Guest	 and	 Grant,	 1991).	 To	 sustain	 a	 protective	 effect	





1.4 Impact of phosphite on phosphate homeostasis 




of	 Phi	 has	 been	 the	 capability	 to	 inhibit	 plant	 responses	 to	 limitations	 of	 Pi	
(McDonald	 et	 al.,	 2001a;	 Varadarajan	 et	 al.,	 2002).	 Different	 Phi	 accumulation	
between	 Pi	 saturated	 and	 deprived	 plants	 further	 suggest	 that	 Phi	 is	 not	
misidentified	as	Pi	by	the	plant	(Berkowitz	et	al.,	2013).	Instead,	it	appears	likely	
that	 individual	 elements	 in	 sensing,	 recognise	 or	 respond	 specifically	 or	
differentially	to	Phi	and	Pi.	As	a	consequence,	transport	and	storage	may	be	altered	
accordingly,	 once	 Phi	 has	 been	 taken	 up	 by	 the	 plant	 through	 the	 root	 system	
	
1-11	
(Carswell	 et	 al.,	 1996).	 Hence,	 in	 order	 to	 identify	 the	 elements	 involved	 in	 Phi	
sensing,	it	is	necessary	to	understand	the	uptake,	storage	and	interactions	with	Pi.	
1.4.1 Uptake, distribution and interaction of phosphate and phosphite  
To	fulfil	the	demand	for	Pi	an	increase	in	intercellular	Pi	availability	can	be	achieved	
by	 improving	 the	Pi	uptake	 from	 the	 soil.	Some	plant	 families	are	able	 to	 form	a	
symbiosis	 with	 soil	 microorganisms	 to	 increase	 uptake,	 while	 others	 develop	
specialised	roots,	such	as	the	proteoid	or	cluster	roots,	to	actively	mine	soil	patches	
for	any	available	nutrients.	Although	Arabidopsis	does	not	form	cluster	roots	and	is	





transport	 of	 Pi	 from	 the	 soil	 across	 the	 membrane	 is	 facilitated	 by	 Phosphate	
transporters	 (PHT1),	 which	 are	 conserved	 across	 a	 range	 of	 plant	 species	
(Nussaume	et	al.,	2011).	The	strong	similarity	to	transporters	like	PHO84	in	yeast	
(Bun-Ya	 et	 al.,	 1991)	 allowed	 the	 identification	 of	 the	 homologs	 in	 Arabidopsis	
(Muchhal	et	al.,	1996;	Mitsukawa	et	al.,	1997;	Smith	et	al.,	1997).	In	Arabidopsis,	the	
























on	 the	 sensing	 of	 the	 Pi	 status	 for	 a	 systemic	 regulation	 of	 the	 transporters	
(Karthikeyan	et	al.,	2002;	Mudge	et	al.,	2002;	Wu	et	al.,	2003;	Misson	et	al.,	2004;	
Morcuende	 et	 al.,	 2007;	 Bustos	 et	 al.,	 2010).	 The	 root	 tip	 has	 been	 identified	 by	
Svistoonoff	 et	 al.	 (2007)	 as	 a	 primary	 sensing	 site,	 although	 the	 status	 of	 locally	
available	Pi	in	shoot	tissue	must	also	be	registered,	while	the	mechanism	remains	
unknown.		
Phi	 uptake	 and	 transport	 in	 plants	 has	 been	 shown	 to	 occur	 through	 the	 same	
pathways	 as	 Pi	 (Ouimette,	 1989;	 Carswell	 et	 al.,	 1996;	 Danova-Alt	 et	 al.,	 2008),	
resulting	in	direct	competition	as	both	ions	are	similarly	mobile	within	the	plant.	Yet	
the	 intercellular	 distribution	 and	 storage	 in	 tissues	 differs	 for	 Phi,	 as	 it	 is	
metabolically	inert	and	does	not	enter	the	organic	P	pool	but	instead	accumulates	in	





times	 of	 Pi	 limitation	 (Danova-Alt	 et	 al.,	 2008).	 The	 sequestration	 of	 Phi	 in	 the	




























minimize	 plant	 Pi	 deficiency	 (Raghothama,	 1999;	 Ticconi	 et	 al.,	 2001;	 Yang	 and	
Finnegan,	2010;	Chiou	and	Lin,	2011;	Plaxton	and	Tran,	2011;	Karthikeyan	et	al.,	
2014).	 Among	 decreased	 growth,	 carboxylate	 exudation	 and	 increased	 root-hair	
density,	modification	to	the	root	architecture	resulting	in	an	increased	root	to	shoot	




to	 the	 surface	 with	 usually	 higher	 organic	 material	 and	 Pi	 for	 topsoil	 foraging	
(Ericsson,	1995;	Forde	and	Lorenzo,	2001;	Lynch	and	Brown,	2001;	Lopez-Bucio	et	
al.,	2003).	As	indicated	for	the	conserved	Pi	uptake	transporter	family	PHT1	across	
a	 range	of	plant	 species,	 the	 root	modifications	 in	 response	 to	Pi	 are	also	highly	




An	 efficient	 application	 of	 Pi	 starvation	 responses,	 such	 as	 the	 induction	 of	 Pi	
transporter	 and	 root	 architecture	 modifications,	 requires	 a	 regulatory	 network	







genes	 are	 locally	 controlled	 (Thibaud	 et	 al.,	 2010).	 Additionally,	 the	 same	 study	
suggests	that	most	locally	adjusted	genes	appear	to	be	related	to	root	development.	
Internal	regulation	of	metabolic	adjustments	has	been	shown	to	be	controlled	by	
internal	 Pi	 status	 via	 microRNA399	 acting	 on	 PHO2	 that	 further	 acts	 on	 PHR1	
(Rouached	et	al.,	2010).	Previous	studies	indicate	that	the	availability	of	external	Pi	
is	sensed	in	the	root	tip,	although	the	exact	mechanism	is	not	yet	known	(Svistoonoff	











plant	 has	 been	 shown	 to	 decrease	 with	 increasing	 levels	 of	 available	 Pi,	
simultaneously	the	occurrence	of	cluster	roots	increases	in	sections	of	soil	with	high	
local	concentrations	of	Pi	(Shu	et	al.,	2007).	It	is	therefore	clear	that	Pi	is	sensed	by	















auxin	pathways.	Reversed	 influence	can	be	seen	for	the	 induction	of	 lateral	roots	
and	root	hair	development,	where	ethylene	and	auxin	induce	these	developments	






Figure 1.2 Regulation of phosphate starvation dependent root development through 
hormone mediated signalling pathways. Adapted from (Zhang et al., 2014). ABA (abscisic 
acid), CK (cytokinin), GA (gibberellin), PSI (Pi-starvation induced genes), SCR 
(Scarecrow), SLs (strigolactones), MYB62 (R2R3-MYB transcription factor), AHK3 
(Histidine Kinase 3), CRE1 (Histidine Kinase 4), ARF (Auxin response Factor), TIR1 
(Transport Inhibitor Response 1), LPR1/2 (Low Phosphate Root), SIZ (small ubiquitin-like 
modifier (SUMO) E3 ligase), and PDR2 (Phosphate Deficiency Response 2). 




2013;	 Jost	 et	 al.,	 2015).	 Hence	 it	 could	 be	 assumed	 that	 elements	 in	 sensing,	
messaging	or	regulation	are	able	to	differentiate	between	the	two	chemicals.		





In	 addition	 to	 observations	 suggesting	 a	 competition	 of	 Phi	 with	 Pi	 and	




























altered	 by	 Phi	 in	 Pi-deprived	 Brassica	 nigra	 seedlings	 (Carswell	 et	 al.,	 1996).	
Similarly,	 levels	of	 adenylates	and	pyrophosphate	 (PPi)	do	not	differ	between	Pi	
deprived	B.	nigra	cells	supplemented	with	Phi	(-Pi/+Phi)	and	Pi	deprived	cells	(-Pi).	
However,	 these	 levels	 are	 reduced	 in	 Pi-sufficient	 cells	 (+Pi),	 which	 stands	 in	
contrast	to	observations	made	in	Phytophthora	species,	where	the	presence	of	Phi	
significantly	increases	levels	of	PPi,	which	are	suspected	to	significantly	contribute	
to	 the	 growth-reducing	 effects	 of	 Phi	 on	 the	 pathogen	 (Carswell	 et	 al.,	 1997).	
Likewise,	Phytophthora	species	exposed	to	Phi	show	significant	reduction	of	NTP’s	

























1.5 Investigating the underlying plant mechanisms in response 




large	 range	 of	 mechanisms	 and	 responses	 in	 various	 species	 were	 gained	 by	
observing	 changes	 of	 the	 phenotype	 in	 mutated	 lines	 of	 fruit	 flies	 Drosophila	
melanogaster	 (Morgan,	 1910;	 Mackenzie	 et	 al.,	 1999;	 Bellen	 et	 al.,	 2010),	
Caenorhabditis	 elegans	 (Kenyon,	 2011),	mice	 and	 humans	 (Mattison	 et	 al.,	 2009;	
Ranzani	et	al.,	2013),	crops	(Sikora	et	al.,	2011;	Wang	et	al.,	2013;	Henry	et	al.,	2014)	
and	Arabidopsis	(Østergaard	and	Yanofsky,	2004;	Lloyd	and	Meinke,	2012).	
As	 conditions	 throughout	 the	 habitat	 range	 of	 Arabidopsis	 vary	 significantly,	
environmental	 pressures	 are	 the	 basis	 for	 local	 adaptation	 and	 establishment	 of	
alleles	 specific	 to	 geographic	 attributes,	 such	 as	 drought	 resistance	 or	 pathogen	
presence	 (Hoffmann,	 2002).	 Variation	 in	 accessions	 of	 A.	thaliana	 have	 been	
reported	to	associate	with	potassium	starvation	(Kellermeier	et	al.,	2013),	nitrate	
limitations	 (Narang	 et	 al.,	 2000;	 De	 Pessemier	 et	 al.,	 2013),	 freezing	 tolerance	
(Hannah	et	al.,	2006)	and	flowering	(Sanda	et	al.,	1997;	Werner	et	al.,	2005;	Grillo	et	
al.,	 2013).	 This	 natural	 variation	 of	 accessions	 can	 be	 traced	 back	 to	 local	
adaptations	that	have	resulted	in	identified	genetic	differences	as	shown	for	seed	
dormancy	by	Kronholm	et	al.	(2012).	Moreover,	a	large	number	of	studies	utilised	
natural	 genetic	 variation	 in	A.	thaliana	 to	 identify	 genes	 of	 interest	 (Sanda	 et	 al.,	
1997;	Loudet	et	al.,	2003;	Koornneef	et	al.,	2004;	Meng	et	al.;	Delker	et	al.,	2010).	
The	analysis	of	142	accessions	with	79	amplified	 fragment	 length	polymorphism	
(AFLP)	 markers	 by	 Sharbel	 et	 al.	 (2000)	 presented	 highly	 significant	 genetic	
isolation	by	distance.	Through	the	detailed	analysis	of	more	than	1000	Arabidopsis	
genomes,	 the	 extent	 of	 genetic	 diversity	 between	 Arabidopsis	 ecotypes	 and	
accessions	has	been	verified	(Koornneef	et	al.,	2004;	Weigel	and	Mott,	2009;	Weigel,	
2012;	The	1001	Genomes	Consortium,	2016).	Additionally,	natural	genetic	variation	
has	 been	 applied	 to	 identify	 candidate	 genes	 involved	 in	 PSR	 (Chen	 et	 al.,	 2000;	





identification	of	 three	major	 loci	 for	 root	development	 regulators	 in	 response	 to	
phosphate,	 whereas	 Ticconi	 and	 colleagues	 (Ticconi	 et	 al.,	 2001)	 were	 able	 to	
demonstrate	interference	of	Phi	in	response	to	phosphate	starvation.		




first	 isolate	 a	mutation-specific	 alternative	 phenotype,	 and	 secondly,	 analyse	 the	
underlying	 genetic	 difference	 responsible	 for	 the	 alternative	 phenotype	 in	 the	
isolated	mutant.		
As	 an	 alternative	 to	 natural	 genetic	 variation,	 ethyl	 methanesulphonate	 (EMS)	
analysis	can	be	used	to	identify	causative	mutations.	EMS	causes	single	nucleotide	
polymorphisms	(SNP)	in	which	a	single	nucleotide	varies	between	two	accessions	
and	 hence	 changes	 the	 amino	 acid	 sequence	 while	 the	 overall	 length	 remains	
unchanged.	The	density	and	accumulation	of	SNP’s	vary	throughout	the	genome	and	
between	 accessions.	 Around	 216,000	 SNP’s	 across	 1000	 investigated	 accessions	
have	been	reported	by	Horton	et	al.	(2012)	which	correlate	to	approximately	one	
SNP	for	every	500bp	of	DNA.	Moreover,	next-generation	sequencing,	assisting	in	the	
analysis	 of	 single	 nucleotide	 mutations	 following	 EMS	 treatment,	 has	 helped	 to	
make	 this	 approach	 increasingly	 more	 popular	 over	 knockout	 DNA	 insertion	
mutations.	 The	 clear	 advantages	 in	 the	 smaller	 populations	 required	 and	 the	
possibility	to	analyse	non-lethal	mutations	not	only	reduce	time	and	cost	but	for	the	
purpose	 of	 identifying	 genes	 with	 a	 specific	 response	 to	 Phi,	 those	 non-lethal	
changes	 to	 the	 gene	 product	 may	 prove	 to	 be	 beneficial	 in	 finding	 Phi	 specific	
phenotypes.	 Particularly	 the	 cost	 reduction	 of	 whole	 genome	 sequencing	 has	
allowed	 the	 development	 of	 Next-generation	 mapping	 (Austin	 et	 al.,	 2011),	 a	
technology	that	compares	the	genome	of	an	identified	mutant	line	with	the	genome	
of	a	second	genetically	different	accession	of	the	same	species	to	identify	loci	and	
single	nucleotide	polymorphisms	 that	are	unique	 to	 the	mutant	genome.	A	more	







have	been	used	 in	previous	 studies	analysing	Pi	homeostasis	 in	plants,	 including	
natural	genetic	variation	and	EMS	mutant	analysis.	In	order	to	investigate	the	Phi	








of	 plants	 to	 Phi	 to	 better	 understand	 the	 function	 of	 those	 genes	 in	 the	 Pi	
homeostasis	and	the	relevance	to	plant	defence	responses	to	oomycete	pathogens.		









in	 the	detection	of	better-adapted	varieties	and	the	ability	 to	breed	for	 increased	
resistance	against	pathogens	through	a	selection	of	identified	gene	homologs.		
The	 process	 of	 gene	 identification	 must	 ensure	 that	 observations	 made	 are	 the	















second	 objective	 was	 to	 investigate	 if	 genetically	 diverse	 A.	thaliana	 accessions	
show	 differences	 in	 Phi	 sensitivity,	 to	 allow	 further	 analysis	 of	 the	 underlying	
genetic	differences.		
These	 two	 objectives	 are	 addressed	 in	 four	 experimental	 chapters	 as	 outlined	
below.		
1.6.1 Objective 1 – Analysis of phosphite mutants in EMS mutagenized 
A. thaliana plants (Chapter 2) 
A	commonly	used	technique	for	identification	of	genes	responsible	for	phenotypic	
differences	 has	 been	 to	 screen	 a	 mutagenized	 population	 for	 individuals	 with	
specific	 phenotypes.	 This	 forward	 genetic	 approach	 is	 based	 on	 the	 correlation	
between	the	phenotype	and	the	causative	mutation	in	the	relevant	genes.	Therefore,	
identification	of	mutant	phenotypes	in	Phi	treated	plants	should	allow	identification	
of	 genes	 responding	 differentially	 to	 Phi	 treatment	 harbouring	 the	 causative	
mutation.		
The	 utilisation	 of	 EMS	mutagenized	 seed	 stock	 has	 recently	 regained	 popularity	
through	the	application	of	whole	genome	sequencing	(WGS)	for	the	identification	of	










1.6.2 Objective 2 – Evaluation of accession variation to phosphite, on the 
basis of natural genetic variation (Chapters 3-5) 
Just	 as	 the	 comparison	 between	 a	 mutant	 and	 its	 wildtype	 can	 reveal	 genes	 of	
interest,	naturally	occurring	genetic	differences	based	on	spontaneous	mutations	
can	be	used	to	identify	genes	of	interest.	Assuming	that	the	habitat	across	a	species’	
natural	 distribution	 provides	 differential	 environmental	 pressures,	 the	 natural	
occurrence	 of	 mutations	 will	 create	 small	 differences	 in	 the	 genotype	 and	
consequently	also	the	phenotype,	resulting	in	different	accessions.	For	Arabidopsis,	
at	the	time	of	writing,	more	than	5,600	natural	individual	accessions	are	available	






responses	 to	 Phi	 to	 allow	 a	 selection	 of	 candidate	 accessions	 (Chapter	 3).	 This	
resulted	in	the	selection	of	useful	phenotypic	traits	for	further	investigation	as	well	
as	a	reduction	in	the	number	of	suitable	accessions	for	further	analyses.	Secondly,	
six	 candidate	 accessions	 with	 opposing	 phenotypic	 traits	 to	 Phi	 were	 further	
investigated	using	plate-based	and	hydroponic	based	analyses	(Chapter	4).	This	led	
to	 determining	 differences	 between	 the	 accession’s	 responses	 to	 continuous	 Phi	
exposure,	which	also	differed	between	young	and	more	mature	plants.	Furthermore,	
differences	in	gene	expression	of	known	phosphate	starvation	genes	contributed	to	
determining	 the	 factors	 responsible	 for	 tolerance	 or	 sensitivity	 to	 Phi	 in	 the	
analysed	accessions,	as	well	as	a	further	narrowing	down	the	number	of	the	most	








Figure 1.3 Flowchart of thesis structure. 
	

















Ticconi	 et	 al.,	 2001;	 Varadarajan	 et	 al.,	 2002;	 Danova-Alt	 et	 al.,	 2008).	 This	
competitive	 uptake	will	 lead	 to	 very	 different	 internal	 phosphate	 concentrations	
and	subsequent	 recognition,	distribution	and	usage.	Hence,	 an	additional	 control	
with	 the	 same	phosphate	 concentration	 as	 combined	 in	 the	 Phi	 treatment	 is	 not	
conclusive	as	 indicated	by	Berkowitz	et	 al.	 (2013).	Using	 the	example	above	and	
keeping	the	external	phosphate	concentration	constant	at	0.01mM	in	control	and	
treatment	leads	to	very	different	internal	concentrations,	which	is	not	suitable	for	
P-status	 dependent	 growth	 studies	 in	 chapters	 2,	 3	 and	 5	 and	 gene	 expression	




using	 either	 0.5mM	 phosphate	 as	 control	 and	 a	 ratio	 of	 Pi	 and	 Phi	 e.g.	
0.01mM/0.49mM	 Pi/Phi	 or	 01/0.4mM	 Pi/Phi	 as	 the	 treatment	 in	 the	 following	
experimental	chapters.	
Furthermore,	depending	on	the	individual	responses	 from	different	accessions	to	





Chapter 2 Ethyl methanesulfonate mutagenesis 
screen for identification of phosphite resistant 
mutants in Arabidopsis thaliana  












To	 identify	 either	 Phi	 sensitive	 or	 Phi	 resistant	 plant	 mutants,	 meaning	 plants	
insensitive	to	Phi	and	further	referred	to	as	resistant	mutants,	a	range	of	factors	are	
considered	 necessary	 for	 choosing	 a	 suitable	 model	 plant.	 These	 include	 the	
screening	 of	 a	 sufficiently	 large	 population,	 a	 short	 growth	 period,	 large	 seed	
production	 with	 small	 seed	 size	 and	 a	 short	 testing	 period	 due	 to	 fast	 growth.	
Arabidopsis	 thaliana	has	all	of	 these	characteristics	as	well	as	available	reference	
genomes	in	numerous	accessions.	Furthermore,	it	also	offers	a	large	knowledge	base	

















amplification	 and	 sequencing	of	 the	 flanking	 regions	of	 the	 inserted	T-DNA.	 The	
limitations	of	this	method	lie	in	the	frequency	and	saturation	of	the	insertions	into	
the	genome	and	the	consequential	need	for	large	screening	populations	to	be	tested.	







mutation	 frequency	 (Zhu	 et	 al.,	 1995).	 Based	on	 codon	 usage	 in	Arabidopsis,	 the	
frequency	of	EMS-induced	stop	codon	and	missense	mutations	has	been	calculated	
to	be	~5%	and	~65%,	respectively	(McCallum	et	al.,	2000).	The	advantages	of	EMS	
as	 the	 mutating	 agent	 include	 the	 high	mutation	 saturation	 across	 the	 genome,	




ones.	 A	 further	 advantage	 of	 the	 chemical	 mutation	 technique	 is	 the	 ability	 to	
investigate	 gene	 functions	 through	 amino	 acid	 residue	 alterations	 and	 altered	
protein	functions,	when	T-DNA	insertion	mutations	may	lead	to	a	complete	loss	of	
function	of	the	gene.	As	the	response	of	plants	to	Phi	only	differs	in	a	few	aspects	to	
that	 of	 Pi,	 the	 possible	 non-lethal	 allele	 variants	 in	 EMS	populations	 adds	 to	 the	
advantages,	which	outweigh	the	easier	identification	of	T-DNA	insertion	loci.		
The	advances	in	next-generation	genomic	sequencing	technologies	have	made	the	






Arabidopsis.	 Austin	 et	 al.	 (2011)	 successfully	 demonstrated	 an	 alternative	 and	
simplified	approach	described	as	next-generation	mapping	(NGM)	which	utilises	the	
difference	 in	 single	nucleotide	polymorphisms	 (SNP)	occurrence	 in	 two	separate	









parental	 line,	 as	 in	 a	 pool	 of	 F2	 individuals	 that	 exhibit	 the	 recessive	 mutant	
phenotype	the	region	around	the	causative	mutations	will	be	homozygous	for	the	
mutant	genome.	This	method	is	freely	available	at	http://bar.utoronto.ca/NGM	and	





As	 Phi	 has	 been	 shown	 to	 interfere	 with	 Pi	 homeostasis	 (Carswell	 et	 al.,	 1996;	
Ticconi	 et	 al.,	 2001;	 Berkowitz	 et	 al.,	 2013),	 choosing	 a	 quantifiable	 trait	 that	
changes	in	response	to	Pi,	such	as	during	phosphate	starvation,	is	likely	to	offer	a	












system	was	 tested	 and	 a	 suitable	 medium	 concentration	 established	 before	 the	
isolation	 of	 individual	 mutants	 were	 made.	 After	 isolation	 and	 confirming	 the	
mutant	Phi	specific	phenotype	was	present	in	the	seeds	of	the	original	selfed	mutant	
(S1),	a	backcross	to	the	parental	accession	wildtype	(Ler)	was	performed	to	reduce	






Following	 the	 identification	of	 candidate	SNP’s,	 the	validation	of	 these	 candidate	
genes	 was	 performed.	 A	 focus	 on	 putative	 mutated	 genes	 with	 a	 role	 in	 root	





2.2 Materials and Methods 
2.2.1 Plant material and growth  
Seeds	 of	 Arabidopsis	 thaliana	 (L.)	 Heynh	 accessions	 were	 obtained	 from	 the	
European	Arabidopsis	 stock	 centre	Nottingham,	while	 the	M2	ecotype	Landsberg	
erecta	 (Ler)	 seeds	 mutagenized	 using	 ethyl	 methanesulfonate	 (EMS)	 were	
purchased	 from	 Lehle	 Seeds	 (Round	 Rock,	 Texas	 U.S.A;	
http://www.arabidopsis.com)	 to	 provide	 a	 stable	 and	 tested	 level	 of	 mutation	








Table 2.1 Macro and microelements used for phosphate reduced half-strength Murashige 
and Skoog (MS) medium adapted for Arabidopsis use. 
Macro elements  ½ MS ½ MS adapted 
Component  mM mM 
Ammonium nitrate NH4NO3 10.3 2.0 
Calcium chloride anhydrous CaCl2 1.5 1.5 
Magnesium sulphate MgSO4 0.8 0.5 
Potassium nitrate KNO3 9.4 2.0 
Potassium phosphate monobasic KH2PO4 pH 5.8  0.6 *0.5 
Potassium chloride KCl 0.0 0.0 
Calcium nitrate Ca(NO3)2x4H2O 0.0 0.0 
 * Combined concentration KH2PO4 (Pi) and KH2PO3- (Phi) in Phi treatment medium  
Microelements ½ MS ½ MS adapted 
Component  µM µM 
Boric acid 50.14 50.14 
Cobalt chloride • 6H2O 0.05 0.05 
Cupric sulphate • 5H2O 0.05 0.05 
Na2-EDTA 50.08 50.08 
Ferrous sulphate • 7H2O 50.00 50.00 
Manganese sulphate • H2O 50.00 50.00 
Molybdic acid (sodium salt) • 2H2O 0.52 0.52 
Potassium iodide 2.50 2.50 
Zinc sulphate • 7H2O 14.95 14.95 
0.5mM Pi for control medium, or ratios of Pi and Phi in treatment with a total concentration of 






10µM	 of	 Pi	 as	 reported	 in	 Berkowitz	 et	 al.	 (2013).	 Micronutrients	 were	 used	
according	 to	Murashige	 and	 Skoog	 (1962)	 (Table	 2.1)	 also	 at	 half	 strength	 and	
sourced	from	Austratec	(Bayswater,	Australia).	
The	 freshly	 prepared	 0.1M	 potassium	 phosphite	 solution	 was	 prepared	 from	
phosphorous	acid	(99%;	Sigma-Aldrich,	Castle	Hill,	Australia),	 the	pH	adjusted	to	
5.8	 with	 KOH	 and	 added	 to	 the	 medium	 as	 required.	 Ratios	 and	 the	 total	
concentration	of	Pi	and	Phi	were	applied	to	the	medium	as	given	in	Table	2.2	to	a	
final	concentration	of	0.5mM	phosphorus.	
Table 2.2 Ratio and concentration of Pi and Phi in selective MS growth medium 
Ratio of Pi to Phi 1:0 1:1 1:10 1:50 
Concentration in mM (Pi/Phi) 0.5/0.0 0.25/0.25 0.1/0.4 0.01/0.49 
	
All	 experiments	were	 conducted	 in	Conviron	ATC	40	growth	cabinets	 (Conviron,	
Thermo	Fisher	Scientific,	Scoresby,	Australia)	at	constant	22±1ºC	with	8h	light	and	
16h	dark	(short	day),	with	120±10	μmol	m-2	s-1	of	 light	 through	fluorescent	 light	
sources.	Plants	grown	on	soil	for	seed	production	were	shifted	(2h/day)	to	16h	light	
and	8	hours	dark	(long	day).	
2.2.1.2 Root growth essay 
Surface	sterilised	seeds	of	A.	thaliana	were	placed	at	equal	intervals	on	a	layer	of	
75ml	½	MS	 (adapted)	 medium	 in	 a	 125mm	 square	 Petri-dish.	 The	 plates	 were	
sealed	with	micropore	tape	and	set	vertically	at	ca.	15-20°	incline	with	an	eight-hour	
photoperiod	 at	 approximately	 120±10	 µmol	 m-2	 s-1.	 Initial	 mutant	 phenotype	
selection	occurred	after	ten	days	on	Phi	medium,	while	the	following	screening	steps	
were	measured	after	eight	days.	
Images	 of	 root	 development	were	 taken	 on	 a	 flatbed	 scanner	 (Epson	 Perfection	
3490	photo)	and	growth	was	calculated	by	measuring	the	primary	root	length	using	
ImageJ	 software	with	NeuronJ	plug-in	 (Meijering	et	 al.,	 2004).	The	 root	 length	 is	
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given	 as	 a	 number	 of	 pixels	 by	 ImageJ/NeuronJ	 software	 and	 converted	 to	
millimetres	 by	 correlating	 the	 root	 length	 in	 pixels	 with	 the	 resolution	 of	 the	
scanned	images	in	dots	per	inch	(dpi)	[25.4mm=1inch].	Calculations	and	analyses	
were	performed	using	Microsoft	Excel	2011/2016	software.	
2.2.1.3 Statistical analysis 
The	significance	of	variation	between	the	sample	groups	from	different	accessions,	
mutant	 lines	 or	 treatments	 were	 determined	 by	 analysis	 of	 variance	 (ANOVA).	
Statistical	 significance	 between	 groups	 was	 determined	 for	 P≤0.05.	 To	
simultaneously	compare	possible	differences	between	multiple	lines	as	well	as	the	
effects	 of	 different	 growth	 conditions,	 all	 samples	 were	 analysed	 by	 Two	 Way	
ANOVA.	To	separate	significant	means,	following	the	Two-Way	ANOVA,	a	post-hoc	
Tukey	test	was	performed	(SigmaPlot	v	13.0,	Systat	Software	Inc.	San	Jose,	U.S.A.).	
Responses	 that	 differed	 significantly,	 i.e.	 from	 control	 to	 Phi	 treatment,	 were	
labelled	accordingly	in	figures	when	applicable	as	(	*	)	or	marked	if	otherwise.		
2.2.2 Reduction of nonspecific mutations through back-crossing 
2.2.2.1 Back-crossing of a phosphite resistant A. thaliana EMS mutant line with 





roots	 reached	 the	 bottom	 of	 the	 plate	 before	 being	 transferred	 to	 soil	 (Richgro	
Premium	Potting	Mix,	Jandakot,	WA,	Australia)	in	85mm	square	pots	(Garden	City	
Plastics,	Dandenong	South,	Australia)	 after	approximately	3-5	days,	 remaining	 in	
the	same	growth	cabinets	and	under	the	same	growth	conditions	as	before.		











rubbing	 the	 detached	 anthers	 across	 the	 stigma.	 Other	 flowers	 and	 buds	 were	
removed	 to	 maximise	 nutrient	 availability	 for	 the	 crossed	 flowers	 for	 seed	
production.	 Siliques	 of	 crossed	 flowers	 were	 harvested	 individually	 before	 the	
release	 of	 seeds.	 Seeds	 were	 dried	 at	 37°C	 for	 48	 hours	 before	 further	 use.	
Stratification	and	surface	sterilisation	were	performed	as	described	in	2.2.1.	
2.2.2.2 Verification of the mutant phenotype in the back-cross population from 
Phi resistant A. thaliana EMS mutant line and wildtype genetic 
background accession  
Seeds	 of	 the	 backcross	 (BC1)	 were	 grown	 on	 soil	 to	 produce	 seeds	 by	 selfing	




Mutant	plants	with	a	 long	 root-phenotype	were	 selected	after	eight	days,	placed	
onto	Pi	sufficient	medium	for	seven	days,	then	transferred	to	soil	and	grown	for	seed	
production	 to	 produce	 the	BC1-S2	 population.	 Seeds	were	 then	 screened	 for	 the	
mutant	phenotype	against	Ler	directly	on	one	plate,	by	using	25	seeds	of	each	line	
on	 one	 half	 of	 the	 Phi	 treatment	 plate	 (50	 per	 plate)	 and	 differences	 were	
determined	by	measuring	the	primary	root	length	after	eight	days.		
2.2.3 Preparation of Phi resistant A. thaliana EMS mutant lines for next-
generation mapping  
2.2.3.1 Out-crossing of Phi resistant A. thaliana EMS mutant backcross lines to 
accession Columbia (Col-0) for next-generation mapping analysis.  
Using	the	same	crossing	procedure	as	in	2.2.2.1,	the	identified	Phi	resistant	mutant	
B3-2	 (Ler	 background)	was	 crossed	with	 A.	thaliana	 accession	 Columbia	 (Col-0).	












2.2.3.2 Out-crossing of phosphite resistant A. thaliana EMS mutant lines EMS19 
to accession Columbia (Col-0) for next-generation mapping analysis 














2.3.1 Isolation of phosphite resistant EMS mutants 
2.3.1.1 Identification of EMS screening conditions  
The	 vertical	 plate	 system	 was	 confirmed	 to	 be	 a	 robust	 method	 for	 measuring	
primary	root	length	of	the	A.	thaliana	seedlings.	The	number	of	leaves	or	diameter	








Figure 2.1 Comparison of A. thaliana (Col-0) root development in response to varying 
amounts of phosphate and phosphite in growth medium after 10d. 
2.3.1.2 Screening for Phi resistant root phenotype mutants in EMS screening 
population of A. thaliana (Ler) 








Figure 2.2 Representative image showing variation of primary root length in an EMS 
mutated population of A. thaliana (Ler) after ten days on Phi containing medium 
(0.01/0.49mM Pi/Phi). The dotted line marks average primary root of the wildtype, 












Figure 2.3 Verification of phosphite (Phi) resistant long root phenotype in seedlings of 
isolated EMS mutant lines in comparison to the wildtype genetic background (Ler) grown 
on 0.01/0.49mM Pi/Phi ½ MS medium on a vertical plate-based system after eight days. 
Phi resistant phenotype was verified in EMS19 [A], in other lines, the phenotype was 
similar to wildtype like EMS2 and EMS13 [B], or shorter than the wildtype as for EMS9 
[C]. 
Quantification	 of	 the	 average	 root	 length	 showed	 a	 significantly	 (P<0.01)	 longer	
primary	root	for	EMS19	(20.75mm)	compared	to	Ler	(11.09mm)	in	Phi	treatment	





2.3.1.3 Testing S1 of Mutants to confirm stable phenotype 
Verifying	the	persistence	of	the	phenotype	in	the	selfed	F1	generation	of	the	EMS19	
mutant	 line	(EMS19-S1),	a	comparison	with	the	original	EMS19	 line	and	Ler	was	




Figure 2.4 Comparison of primary root length (n=≤20 seedlings per line and plate, plates 
were produced in duplicate) between wildtype and isolated mutant lines on control 
(0.5mM Pi) and phosphite treatment medium (0.01/0.49mM Pi/Phi), showing significantly 





under	Phi	 conditions.	 In	 control	 conditions	EMS19-S1	with	30.02mm	root	 length	
and	Ler	with	28.93mm	are	similar	in	length	(P=0.545),	yet	the	root	of	EMS19	was	




2.3.2 Reduction of non-specific mutations in phosphite resistant EMS 
line through back-crossing 
2.3.2.1 Back-crossing of phosphite resistant A. thaliana EMS mutant line EMS19 
with wildtype genetic background Landsberg erecta (Ler)  





D1,	 D2,	 D3)	 were	 grown	 (12	 in	 total),	 to	 identify	 BC1-S2	 lines	 that	 carry	 the	
homozygous	mutant	phenotype.		
2.3.2.2 Verification of the mutant phenotype in the back-cross population 
derived from the phosphite resistant A. thaliana EMS mutant line EMS19 
and the wildtype genetic background Landsberg erecta 








Figure 2.5 Verification of Phi resistant root phenotype in BC1-S2 of EMS19 (B3-2) after 
eight days on Phi medium (0.01/0.49mM Pi/Phi) compared to wildtype seeds (Ler). 
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2.3.3 Preparation of Phi resistant A. thaliana EMS mutant lines for next-
generation mapping  
2.3.3.1 Out-cross of phosphite resistant EMS mutant back-cross line EMS19 
B3-2 to Col-0, creating a genetic mosaic for next-generation mapping 
analysis.  
Seeds	 from	the	F1	plants	of	 the	outcross	between	the	double	selfed	backcross	of	





Figure 2.6 Comparison of primary root length in B3-2 OC1 seeds (line 113) with BC1-S2 
line B3-2 and wildtype accessions Col-0 and Ler after eight days growth on Phi treatment 
medium (0.01/0.49mM Pi/Phi). 
Eight	OC1-S1	lines	were	compared	against	the	backcross	line	B3-2	and	the	wildtype	









Figure 2.7 Comparison of average primary root length in response to Phi treatment of 
8d old A. thaliana accessions Col-0 (n=149-151) and Ler (n=144-147), the parental mutant 
line B3-2 (n=100-117) (n= number of total plants screened from ≤10 per plate from 8 sets 
of duplicate plates), as well as eight outcross mutant lines (n=11-17, ≤10 plants from 
duplicate plates). Bars represent standard errors of the mean. Accessions or mutant 
lines that share category letters (upper case in control medium, lower case in Phi 
treatment) are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] 
different. All lines responded to Phi treatment with a significant (P≤0.05) reduction in 














Figure 2.8 Comparison of primary root length in B3-2 OC1-S1 seeds (line 170) with BC1-
S2 line B3-2 and wildtype accessions Col-0 and Ler (n=8-9) after eight days on control 
(0.5mM Pi) and Phi treatment (0.01/0.49mM Pi/Phi) ½ strength MS medium. 
2.3.3.2 Outcross of phosphite resistant EMS mutant line EMS19 to Col-0, 










From	 the	 outcross	 of	 EMS19-S1	 to	 Col-0,	 four	 F1-lines	 were	 grown	 for	 seed	





Figure 2.9 Comparison of primary root length in EMS19 OC1 seeds (line 117) with 
EMS19-S1 and wildtype accessions Col-0 and Ler after eight days of growth on Phi 
treatment medium (0.01/0.49mM Pi/Phi). 







phenotypic	 response	 for	 the	 mutant	 lines	 between	 control	 and	 Phi	 treatment	
medium	(Figure	2.11).	The	out-crossing	 into	Col-0	leads	to	a	 loss	of	a	discernible	





Figure 2.10 Comparison of average primary root length in response to Phi treatment of 
8d old A. thaliana accessions Col-0 (n=103-66) and Ler (n= 105-66), the parental mutant 
line EMS19-S1 (n=85-66) (n= number of total plants screened from ≤10 per plate from 8 
sets of duplicate plates) as well as four outcross mutant lines (n=17-18/8-18). Bars 
represent standard errors of the mean. Accessions or mutant lines that share category 
letters (upper case in control medium, lower case in Phi treatment) are not significantly 
[P≤0.05 Two Way ANOVA post hoc Tukey analysis] different. All lines responded to Phi 
treatment with a significant (P≤0.05) reduction in primary root length. 
	
tion 	
Figure 2.11 Comparison of primary root length in EMS19 OC1-S1 seeds (line 174) with 
EMS19-S1 and wildtype accessions Col-0 and Ler (number of seedlings per line and plate 
n=8-9) after eight days on control (0.5mM Pi) and Phi treatment (0.01/0.49mM Pi/Phi) ½ 







no	 differences	 between	 the	 mutant	 and	 wildtype	 plants	 of	 the	 same	 genetic	
background	were	evident	during	Pi	sufficient	control	conditions,	it	can	be	concluded	
that	 the	mutation	 is	 specific	 in	 its	 response	 to	 Phi	 and	 does	 not	 affect	 the	 root	
development	 during	 Pi	 sufficiency.	 A	 difference	 in	 root	 length	 of	 the	 controls	
between	the	experiments	in	2.3.1.2	and	2.3.1.3	was	unexpected,	but	it	is	likely	that	
this	 was	 due	 to	 the	 necessity	 to	 use	 different	 growth	 cabinets.	 The	 mutant	
phenotype	 was	 persistent	 in	 self-propagated	 populations	 as	 would	 be	 expected	
from	a	homozygous	mutant	line.	The	intensity	of	the	mutant	phenotype	was	reduced	






























reduce	 the	 odds	 of	 selecting	 for	 individual	 wildtype	 alleles,	 screening	 of	 larger	







The	 complications	 with	 a	 potential	 digenic	 mutant	 phenotype,	 which	 can	 be	
deduced	from	how	the	mutation	co-segregates	with	individual	molecular	markers	
(Koornneef	 et	 al.,	 2004)	and	 the	unclear	 influence	of	Col-0	bring	 into	question	 if	
next-generation	mapping	is	a	suitable	method	to	identify	the	Phi	resistant	mutant	
using	the	primary	root	 length	as	a	selective	phenotype.	At	 least	 for	 the	effects	of	
Col-0,	 the	 use	 of	 an	 alternative	 accession	 might	 be	 considered,	 as	 this	 would	
maintain	a	comparatively	lower	work	requirement	compared	to	the	T-DNA	analysis.	



















of	 the	 response	 to	 Phi	 compared	 to	 other	 accessions	 may	 offer	 an	 alternative	
approach	 to	 investigate	 the	 effects	 of	 Phi	 by	 comparing	 various	 A.	thaliana	
accessions.	The	Phi	treatment	reduced	the	primary	root	length	to	35%	and	25%	of	
the	 Pi	 sufficient	 controls	 in	 Col-0	 and	 Ler,	 as	 determined	 in	 sections	 2.3.3.1	 and	
2.3.3.2.	Additionally,	given	the	constant	difference	of	10%	in	relative	reduction	of	
primary	 root	 length	 between	 the	 accessions,	 it	 is	 unlikely	 that	 the	 high	
concentration	 of	 Phi	 in	 the	 growth	 medium	 was	 the	 only	 factor	 responsible.	
Furthermore,	the	chosen	ratio	of	0.01mM	Pi	to	0.49mM	Phi	has	been	shown	to	alter	
the	 lateral	root	density,	another	phosphate	starvation	 indicator	(Berkowitz	et	al.,	
2013).	 The	 evidence	 of	 variation	 in	 lateral	 root	 density	 between	 six	 accessions	
including	Col-0	of	A.	thaliana	by	Berkowitz	et	al.	(2013),	were	data	gained	as	part	of	














Chapter 3 Evaluation of variation in reduction of 
primary root length between Arabidopsis thaliana 
accessions in response to phosphite treatment  
3.1 Introduction  





in	 Chapter	 2	 indicated	 significant	 differences	 in	 primary	 root	 length	 (PRL)	 in	
response	 to	 phosphite	 treatment.	 As	 both	 accessions	 were	 exposed	 to	 identical	
conditions	on	the	same	vertical	plate	medium,	other	factors	must	influence	the	root	
development.	 These	 include	 variations	 in	 relevant	 genes	 and	 alleles	 across	
accessions	as	a	basis	for	the	specific	response	to	the	treatment.	If	the	variation	in	
primary	root	length	between	Col-0	and	Ler	was	based	on	the	difference	between	the	
two	 accessions,	 then	 identification	 of	 accessions	 with	 a	 strongly	 opposing	
phenotype	in	response	to	Phi	treatment	from	a	wider	range	of	diverse	accessions	









not	 show	 any	 notable	 response	 to	 Pi	 starvation.	 The	 authors	 concluded	 that	 the	
regulation	of	major	root	developments	is	not	influenced	by	Pi-availability	alone,	but	
must	be	regulated	by	multiple	genetic	factors,	due	to	an	independent	occurrence	of	






a	population	of	selfed	 individuals	derived	 from	a	cross	of	 two	diverse	accessions	
(recombinant	inbred	lines,	RIL)	yielded	three	loci	on	independent	chromosomes	of	
the	genome.	The	genes	Low	Phosphate	Root	1	and	2	(LPR1,	LPR2)	have	since	been	




comparison	 of	 the	 two	 ions	 through	 radiographic	 32P-analysis	 (Danova-Alt	 et	 al.,	
2008).	This	can	further	be	seen	in	plants	grown	on	medium	containing	both	sources	
of	 phosphorous,	 as	 fresh	 weight	 decreased	 significantly	 with	 increasing	
concentration	of	Phi	in	the	medium	(Ticconi	et	al.,	2001;	Berkowitz	et	al.,	2013),	thus	












such	 as	 the	 alteration	 of	 reduced	 PRL	 during	 the	 PSR	 offers	 itself	 as	 such	 trait.	
Nevertheless,	whether	these	observations	are	a	direct	or	secondary	effect	of	Phi	is	
not	known.	Evidence	of	genetic	variation	in	A.	thaliana	includes	root	development	
as	 a	 quantifiable	 trait.	 As	 Phi	 reportedly	 only	 partially	 interferes	 with	 the	 PSR	
(primary	root	length),	then	selecting	accessions	with	a	quantifiable	variation	in	their	













3.2 Materials and Methods 
3.2.1 Plant material and growth  
Seeds	 of	 Arabidopsis	 thaliana	 (L.)	 Heynh	 were	 obtained	 from	 the	 European	
Arabidopsis	 stock	 centre	 Nottingham	unless	 otherwise	marked	 (Table	 3.2).	 Seed	
surface	sterilisation	treatment	was	performed	as	described	in	2.2.1.		
3.2.1.1 Plant growth conditions 






The	 subset	 of	 six	 accessions	 used	 for	 determination	 of	 suitable	 plant	 growth	
conditions	are	marked	with	an	asterisk	in	Table	3.2.	
Table 3.1 Ratio and concentration of Pi and Phi in selective MS growth medium 
Ratio of Pi to Phi 1:0 1:1 1:4 1:10 
Concentration in mM 
(Pi/Phi) 
0.5/0.0 0.25/0.25 0.1/0.4 0.045/0.455 
	







Table 3.2 List of accessions and their geographic origin, all seeds sourced from the Nottingham Arabidopsis Stock Centre (NASC) 
Abbreviation Full name Origin Accession No Information 
Bay-0 Bayreuth Bayreuth, Germany N954 Bay-0, ecotype from Bayreuth (Germany); large, light green rosette; variation in height; height = 31-42 cm; 
habitat: fallow land; Altitude (m):300-400; Collector: A. Kranz (1983); single seed stock#: CS6608. 
Be-0 Bensheim Bensheim/Bergstr, 
Germany N964 
Be-0, ecotype from Bensheim/Bergstr. (Germany); small leaves, leaf margins serrated, height = 27-32 cm; 
Altitude (m): 100-200; Collector: Spilcher (1940); single seed stock#: CS6613. Late flowering under 16h/8h 
light/dark cycle. 
Bur-0 Burren Burren (Eire), 
Ireland N1028 
Bur-0, ecotype from Burren (Eire); small, yellow green rosette; small leaves; single flowering stem; height = 29-
38 cm; habitat: wall by roadside. Late flowering under 16h/8h light/dark cycle. 
Col-0* Columbia Columbia, USA N1093 
Col-0, Columbia ecotype; leaf margins slightly serrated, height = 25-35 cm; directly descended from Col-1, 
CS3176 (isolate 5-13 of G. Redei from F. Laibach’s line "Landsberg"); Columbia accessions 0 through 6 are all 
genetically very similar; Redei '57 
Col-4* Columbia Columbia, USA N933 / CS933 
Col-4, Columbia ecotype; leaf margins slightly serrated, height = 25-35 cm; directly descended from Col-1, 
CS3176 (isolate 5-13 of G. Redei from F. Laibach’s line "Landsberg"); Columbia accessions 0 through 6 are all 
genetically very similar; 
Ct-1 Catania Catania, Italy N1094 Ct-1, ecotype from Catania (Italy); small leaves, numerous axillary inflorescences, height = 25-33 cm; Altitude 
(m): 1-100; Collector: Boss (1942); single seed stock#: CS6674. 
Cvi-0 Cape Verde 
Islands Cape Verde Islands N1096 
Cvi-0, ecotype from Cape Verdi Islands; small, light green rosette; narrow and round leaves with elongated 
petioles, leaf margins almost smooth, height = 29-35 cm, habitat: rocky wall with moss; Altitude (m): 
Er-0* Erlangen Erlangen, Germany N1142/N1143? 
Small, narrow leaves. Leaf margin serrate. Ht = 23-32cm. Daily centigrade temperature (spring/autumn): 5-6/9-
10; Monthly mean precipitation (spring/autumn) mm : 30-40/30-40 - Ilink. Late flowering under 16h/8h 
light/dark cycle. 
Jea St Jean Cap Ferrat St Jean Cap Ferrat, 
France 
CS76148 25 AV 
(Versailles 
collection) 
Ecotype from INRA Dijon (X. Reboud). Late flowering under 16h/8h light/dark cycle. 
Ll-0* Llagostera Llagostera, Spain N1338 Ll-0, ecotype from Llagostera (Spain); leaf margins smooth, possibly late flowering, height = 33-42 cm; Altitude 
(m): 1-100; Collector: F. Laibach. Late flowering under 16h/8h light/dark cycle. 
Nd-0* Niederzeuzheim Niederzeuzheim, 
Germany N1390 
Nd-0, ecotype from Niederzenz/Westerwald (Germany); small leaves, leaf margins sinuated, height = 22-26 cm; 




Abbreviation Full name Origin Accession No Information 
Oy-0 Oystese Oystese, Norway N1436 Oy-0, ecotype from Oystese (Norway); leaf margins serrated, height = 28-38 cm; Altitude (m): 1-100; Collector: 
F. Laibach (1957). Late flowering under 16h/8h light/dark cycle. 
Ri-0 Richmond Richmond (B.C.), 
Canada N1492 
Ri-0, ecotype from Richmond B.C. (Canada); large rosette, leaf margins serrated, height = 32-40 cm, habitat: 
abandoned area; Altitude (m): 1-100; Collector: R. Dinkins (1988). Late flowering under 16h/8h light/dark cycle. 





Ecotype from Pamir(o-Alay), average temp during vegetation min 15 degree/max 25 degree; vegetation period: 
june-july) (Tadjikistan); slightly narrow leaves, height = 30 cm; Habitat: mountains; Altitude (m): 3400 
Tsu-1 Tsu Tsu, Japan N1564 Tsu-0, ecotype from Tsu (Japan); long petioles, rounded leaves, leaf margins serrated, single flowering stem, 
height = 41-49 cm; Altitude (m): 1-100; Late flowering under 16h/8h light/dark cycle. 
Ws-1 Wassilewskija Wassilewskija, 
Russia N2223 Ws-1, ecotype from Wassilewskija (Russia); early flowering line used by P. Scolnik to generate RI lines. 
Ws-2 Wassilewskija Wassilewskija, 
Russia N1601 
Ws-2, ecotype from Wassilewskija (Russia); early flowering line used by K. Feldmann to generate T-DNA stocks. 






a	 comparative	 screen	 was	 designed.	 Suitable	 growth	 conditions	 and	 medium	
concentrations	were	developed	using	a	subset	of	six	accessions	from	the	total	of	18	
tested	accessions.		
3.3.1 Observation of phenotypic responses to various concentrations of 
phosphite in six A. thaliana accession  
A	 pilot	 study	 using	 the	 accessions	 Col-0,	 Col-4,	 Er-0,	 Ll-0,	 Nd-0,	 and	 Rld-1	were	
grown	 on	½	MS	medium	 to	 determine	 suitable	 ratios	 of	 Pi	 and	 Phi	 that	 would	
provide	a	reproducible	and	quantifiable	variation	of	the	root	phenotype.		
3.3.1.1 Changes in primary root length in response to phosphite treatment  
All	 six	 accessions	 showed	 a	 reduced	 primary	 root	 length	 from	 controls	 with	













Figure 3.1 Effect of phosphite on root development in accessions of A. thaliana. 
Primary root length of six accessions under control and Phi treatment conditions. (A) 





















































0.25/0.25mM Pi/Phi 0.1/0.4mM Pi/Phi 0.045/0.455mM Pi/PhiB
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medium	 concentration	 (0.1/0.4mM	 Pi/Phi)	 roots	 of	 Er-0	 and	 Nd-0	 are	 already	
reduced	to	ca.	40%	while	Col-0,	Col-4	and	Rld-1	roots	still	reached	over	50%.	At	the	
highest	 tested	 Phi	 concentration	 (0.045/0.455mM	 Pi/Phi)	 the	 reduction	 in	 root	
length	was	further	accelerated	as	Er-0,	Nd-0	and	Rld-1	only	retained	20%	or	less	of	
the	 control	 primary	 root	 length.	 Remarkably,	 the	 primary	 root	 length	 of	 Ll-0	
remained	 higher	 at	 all	 Phi	 concentrations,	 at	 lengths	 comparable	 to	 the	 other	
accessions	 at	 the	 lower	 Phi	 concentrations.	 Therefore,	 the	 intensity	 with	 which	
primary	 root	 length	 is	 retained	 varied	 across	accessions	 and	 treatments.	 This	 is	
apparent,	 as	 the	 absolute	 root	 length	 of	 plants	 differed	 significantly	 between	
treatment	 as	well	 as	 across	 accessions,	 as	 shown	 for	 accessions	 Col-0	 and	 Nd-0	
(Figure	3.2).		
	
Figure 3.2 Effect of Phi (0.1/0.4mM Pi/Phi) on root development in two accessions of 
A. thaliana in comparison to control (+Pi 0.5mM). 
3.3.2  Variation in primary root length of 18 A. thaliana accessions in 
response to phosphite treatment. 
Following	the	identification	of	suitable	growth	conditions	and	variation	in	response	
to	 Phi	 between	 the	 eight	 accessions	 in	 the	 pilot	 study	 of	 3.3.1,	 a	 screen	 of	 18	
accessions	was	performed	on	Phi	containing	selective	medium.		





were	 observed.	 The	 primary	 root	 length	 was	 reduced	 significantly	 (P<0.01)	 by	







Figure 3.3 Observation of significantly [P<0.01] reduced primary root length, from 
control (0.5mM Pi) to Phi (0.1/0.4mM Pi/Phi) treatment in 18 A. thaliana accessions after 
13d of growth. Bars represent standard errors of the mean (number of analysed seeds 
combined from duplicate plates, n=16-7). Accessions sharing category letters (upper 
case in control medium, lower case in Phi treatment) are not significantly [P<0.05 Two 








in	the	presence	of	Phi	suggests	 that	 the	 intensity	of	 the	reduction	 is	 independent	
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from	 the	primary	 root	 length	of	 the	 controls,	given	Nd-0	had	 the	 second	 longest	
primary	root	of	the	tested	accessions.		
	
Figure 3.4 Comparison of average primary root length in Phi (0.1/0.4mM Pi/Phi) 
treatment conditions compared to control (0.5mM Pi, =100%) after 13d between 18 A. 
thaliana accessions. Bars represent standard errors of the mean (number of analysed 
seeds combined from duplicate plates, n=16-7). Accessions that share category letters 
are not significantly [P<0.05 One Way ANOVA analysis] different. 










A.	thaliana	accessions	 in	response	to	Phi	 treatment.	The	selection	of	 the	six	most	
contrasting	 accessions	was	made	 by	 using	 primary	 root	 length	 as	 a	 reliable	 and	







et	 al.,	 2002;	 Lapis-Gaza	 et	 al.,	 2014;	 Jost	 et	 al.,	 2015).	 The	 primary	 observations	
gained	from	this	approach	would	therefore	likely	be	differences	in	selective	uptake	
of	 Pi	 over	 Phi	 between	 accessions,	 as	 differences	 in	 Pi	 affinity	 of	A.	thaliana	 are	
known	 (Narang	 et	 al.,	 2000).	 Alternatively,	 it	 is	 possible	 that	 the	 observations	
merely	reflect	which	of	the	accessions	utilise	or	manage	the	available	Pi	in	the	plant	
more	 efficiently,	 in	 addition	 to,	 or	 on	 top	 of,	 the	 uptake	 efficiency	 of	 Pi	 and	 Phi	
between	the	accessions.		







resistance	 in	 A.	thaliana,	 for	 the	 purpose	 of	 identifying	 differences	 between	
accessions	in	response	to	Phi	treatment	should	also	be	achievable.		








in	Chapter	1	and	Chapter	2.	Moreover,	 the	partial	 interference	by	Phi	 in	 the	PSR,	










matches	 other	 investigations	 on	A.	thaliana,	 and	 suggests	 a	 stronger	 affinity	 and	









and	 Sha	 identified	 contrasting	 differences	 in	 Phi	 induced	 phenotypic	 phosphate	
starvation	response	between	accessions.	The	natural	genetic	variation	across	these	
accessions	can	be	used	for	analysis	of	Phi	specific	responses	and	underlying	genetic	











lupins	 (Lupinus	 albus)	 the	 development	 of	 proteoid	 roots	 was	 inhibited	 by	 Phi	
(Gilbert	et	al.,	2000).		










Chapter 4 Phenotypic and genotypic 
characterisation of phosphite sensitive Arabidopsis 
thaliana accessions 
4.1 Introduction  
In	Chapter	3	significant	differences	 in	 the	phenotypic	development	of	11-day-old	
seedlings	across	18	accessions	were	observed	in	response	to	growth	on	agar	media	
amended	 with	 different	 phosphate	 (Pi)	 and	 phosphite	 (Phi)	 treatments.	 While	
changes	 in	 primary	 root	 length	 (PRL)	 in	 response	 to	 Phi	 treatment	 allowed	 the	
selection	of	 six	 contrasting	 candidates,	 the	 identification	 of	 the	most	 contrasting	
accessions	was	not	clear,	based	on	the	limited	data.	By	verifying	the	earlier	results	
with	 a	 larger	 dataset	 and	 extending	 the	 range	 of	 potential	 Phi	 responsive	 and	





The	 vertical	 plate	 system	 offers	 ideal	 conditions	 to	 observe	 the	 development	 of	
young	seedlings	up	to	twelve	days-old,	as	the	transparent	growth	medium	allows	an	
ongoing	 observation	 of	 both	 root	 and	 shoot	 growth	 and	 development.	 The	
limitations	of	this	system	are	based	on	physical	as	well	as	physiological	restraints.	
The	 primary	 root	of	most	 accessions	 exceeded	 the	 plate	 dimensions	 after	 12-14	
days,	by	which	time	nutrient	supply,	as	well	as	dehydration,	become	limiting	in	the	
closed	vertical	plate	system.		
To	 assess	 the	 long-term	 exposure	 of	 Phi	 on	 Arabidopsis	 seedlings,	 hydroponic	
systems	offer	advantages	over	geoponic	or	soil-based	approaches.	Hydroponics	is	a	
simple	and	efficient	 system	where	 sufficient	numbers	of	plants	 can	be	 compared	
across	 different	 treatments.	 The	method	was	developed	 by	Hoagland	 and	Arnon	
(1941)	and	has	been	refined	and	optimised	since	then	for	Arabidopsis	research	by	









2008).	 The	 majority	 of	 recent	 work	 has	 focused	 on	 the	 responses	 in	 Pi-starved	
plants	 to	 the	resupply	of	either	Pi	or	Phi	(Lambers	et	al.,	2013;	Lapis-Gaza	et	al.,	
2014;	Péret	et	al.,	2014).		














4.2 Materials and Methods 
For	growing	plant	material	the	vertical	plate	system	used	in	Chapter	3	as	well	as	a	
hydroponic	growth	system	for	mature	plants	were	used.	Investigation	of	the	plant	
material	 included	 analysis	 of	 fresh	 weight,	 phosphate	 (Pi)	 and	 phosphite	 (Phi)	
concentrations,	and	root	growth	parameters	for	plate-based	experiments.	For	the	
hydroponic	 approach	 two	 experiments	 were	 conducted.	 Firstly,	 suitable	 growth	
conditions	were	determined	and	then	a	second	experiment	analysed	fresh	weight,	
inorganic	 Pi	 and	 Phi	 concentrations	 of	 root	 and	 shoot	 tissues,	 chlorophyll	
concentration	and	a	gene	expression	analysis	of	general	nitrogen	and	sulphur	stress	
response	genes,	hormone	response	genes	and	phosphate	starvation	response	genes.		




identical	 seed	 stocks.	Plants	were	grown	on	a	vertical	plate-based	 system	 for	11	
days	(before	the	root	of	the	first	accession	reached	the	base	of	the	plate)	on	control	
(0.5mM	Pi)	and	Phi	incorporated	medium	(0.1/0.4mM	Pi/Phi),	on	half	strength	MS-
medium	 (1/2	 MS)	 for	 all	 agar-based	 media.	 For	 each	 accession	 the	 control	 and	
treatment	consisted	of	three	replicate	plates	with	eight	seedlings	per	replicate.		





4.2.1.2 Determination of Phi induced variation in lateral root development 
Lateral	root	number	and	density	were	determined	by	counting	the	emerged	lateral	




4.2.1.3 Determination of fresh weight of 11d old seedlings 
Fresh	weight	was	determined	by	pooling	plants	from	individual	plates,	using	fine	
scales	(HA-180M,	A&D	Weighing,	Thebarton,	Australia).	
4.2.2 Tissue extraction for soluble Pi and Phi measurement 
Fresh	 green	 tissues	 (15-20mg)	 were	 collected	 in	 a	 1.5ml	 microfuge	 tube	 with	
ceramic	ball	bearings	and	 immediately	 snap	 frozen	 in	 liquid	nitrogen.	The	 tissue	
fresh	 weight	 was	 measured	 before	 freezing.	 If	 extractions	 were	 not	 performed	
immediately,	samples	were	kept	at	-80°C.	
By	homogenising	the	tissue	in	a	TissueLyser	(Qiagen,	Doncaster,	Australia)	at	25Hz	
for	 30	 seconds	 extraction	 of	 frozen	 tissue	was	 performed.	 Acetic	 acid	 (1%)	was	
added	(1:10	w/v)	and	tissue	homogenised	for	a	further	60	seconds	at	25Hz.	Samples	
were	then	snap	frozen	again	by	immersing	in	liquid	nitrogen,	thawed	and	vortexed.	
To	 increase	yield	samples	were	kept	on	 ice	 for	30	minutes	and	vortexed	once	or	
twice.	Tissue	was	pelleted	by	centrifugation	for	15	minutes	at	20,000g	and	4°C.	The	
supernatant	 was	 transferred	 to	 a	 fresh	 microfuge	 tube	 and	 the	 centrifugation	
repeated	to	assure	that	the	supernatant	was	free	of	residual	tissue.		
4.2.2.1 Measurements of phosphate (Pi) concentration in plant tissues 
The	concentration	of	phosphate	(Pi)	was	measured	by	photometric	microtiter	plate	
analysis	adapted	from	Ames	(1966).		
For	 analysis,	 90µl	 extract	was	 added	with	 test	 solution	 containing	 180µl	 0.42%	
NH4Mo	in	1N	H2SO4	and	30µl	10%	ascorbic	acid	in	ddH2O.	Samples	were	incubated	
at	 37°C	 for	 60	 minutes	 in	 the	 dark	 before	 spectrophotometric	 measurement	 at	
OD620.	Phosphate	concentration	was	determined	against	a	standard	curve		










4.2.3 Phenotypic analysis of phosphite response in hydroponically 





4.2.3.1 Determination of selective Phi conditions for hydroponic accession 
screening 
Each	 sealed	 plant	 growing	 box	 (I5100-43,	 Astral	 Scientific,	 NSW,	 Australia)	
contained	 24	 black	 free-draining	 1.5ml	 microfuge	 tubes	 filled	 with	 rock	 wool	
Grodan	 Expert	 (GRODAN,	 Roermond,	 The	 Netherlands).	 Initially,	 each	 tube	
contained	 three	 seeds	 of	 a	 single	 accession	 which	 were	 grown	 on	 the	 control	
(0.25mM	Pi,	Table	4.1)	medium	for	12	days	to	maximise	the	vigour	of	the	seedlings	
before	treatment	with	Phi.	To	facilitate	seed	germination	the	box	lids	were	opened	
by	25%	daily	over	 four	days,	 to	acclimatise	 the	germinants	 to	 the	 lower	 relative	





and	a	 further	 four	 for	Phi	 treatment,	resulting	in	a	 total	number	of	32	plants	per	
accession	 and	 treatment	 (n=4*8=32).	 With	 a	 combined	 inorganic	 Pi	 and	 Phi	
concentration	of	0.25mM	for	the	Phi	treatment	medium	(0.025/0.225mM	Pi/Phi),	





Figure 4.1 Small scale hydroponic experimental setup. Shown are examples of boxes 
(A) before reducing the seedling number to eight per box and the addition of phosphite to 








5.8	 (5N	 KOH).	 Additionally,	 the	 concentrations	 of	 microelements	 were	 adjusted	









Table 4.1 Details of 1/2 strength Hoagland solution modified for Arabidopsis thaliana used 
for the hydroponics medium. [(^) = Not autoclaved, (*) = 0.25mM Pi for control medium, or 
ratios of Pi (Va) and Phi (Vb) in the treatment with a total concentration of 0.25mM 
phosphorous (Pi/Phi), ()=stored at 4°C] 
Stock 
solution 





 Macro elements: [M] [mM] 















VI KCL 0.25 0.05 
 Micro elements: [mM] [µM] 
 Fe-EDTA (pH 8.0)  10 40 
    
 Micro elements stock solution [mM] [µM] 
 H3BO3 50 25 
 MnCl2x4H2O 4 2.0 
 ZnSO4x7H2O 4 2.0 





























4.2.3.2 Determination of fresh weight in root and shoot tissue and subdivision 
for separate extraction analysis 
Whole	plants	were	 rinsed	with	Millipore	water	and	dried	using	a	paper	towel	 to	









4.2.4 Chlorophyll concentration analysis  
Total	chlorophyll	concentration	in	leaf	tissue	samples	of	untreated	and	Phi	treated	
hydroponically	 grown	 Bur-0	 and	 Col-0	 plants	was	 determined	 by	 the	 extinction	
coefficients	 of	 chlorophyll	 a	 and	 b.	 Chlorophyll	 (Chl)	 was	 extracted	 with	 N,N-
Dimethylformamide	(DMF)	and	measured	at	647nm	for	chlorophyll	b	and	664nm	
for	 chlorophyll	 a	 using	 the	 NanoDrop™	 ND-1000	 spectrophotometer	 (Thermo	














4.2.5 Gene expression analysis  
For	 the	 relative	 quantification	 of	 transcript	 abundance	 a	 quantitative	 reverse	
transcription	polymerase	chain	reaction	(qRT-PCR)	was	performed	on	shoot	tissue	
of	 Bur-0	 and	 Col-0	 plants	 grown	 on	 Pi	 sufficient	 and	 Phi	 treated	 medium	 from	
experiment	4.3.2.	
Extraction	of	total	RNA	from	fresh	rosette	tissue	was	performed	on	six	plant	samples	
for	 each	 accession	 and	 treatment	 type,	 and	 immediately	 snap	 frozen	 in	 liquid	
nitrogen	 after	 harvest,	 or	 from	 samples	 stored	 at	 -80˚C	 following	 harvest	 and	
freezing.	Homogenisation	of	 tissue	was	performed	with	a	pre-cooled	mortar	and	
pestle.	Homogenised	 tissue	 powder	was	 kept	 frozen	 until	mixed	with	 extraction	
buffers,	 as	 instructed	 by	 the	manufacturer	 [Manual	 edition	 PMO812V1.0]	 of	 the	
ISOLATE	 II	Plant	RNA	Mini	Kit	 (BIOLINE,	Alexandria,	Australia).	RNA	was	eluted	
from	 the	 column	 with	 50µl	 of	 preheated	 RNase	 free	 water	 (50°C).	 Possible	
degradation	of	extracted	RNA	was	evaluated	by	gel	electrophoresis	on	a	1%	agarose	
gel.	 The	 concentration	 of	 nucleic	 acid	 solutions	was	 determined	 by	 NanoDropTM	
(Thermo	Fisher	Scientific,	Delaware,	U.S.A.)	analysis.	
Synthesis	 of	 cDNA	was	 achieved	 via	 application	 of	 the	Tetro	 cDNA	Synthesis	Kit	
(BIOLINE,	 Alexandria,	 Australia)	 using	 the	 provided	 Oligo(dT)18	 primer	 on	 2µg	










Table 4.2 List of analysed genes, reference genes (red), nitrogen and sulphur stress response genes and hormone response genes (orange) and phosphate 
starvation response genes (yellow) 






2A SUBUNIT A3, PP2a 
 One of three genes encoding the 65kDa regulatory subunit of 
protein phosphatase 2A (PP2A) 







Encodes a ubiquitin-protein ligase containing a HECT domain. There 
are six other HECT-domain UPLs in Arabidopsis. 






REGULATED 1 / 
AGAMOUS-LIKE 44 
Nitrogen starvation response MADS-box gene, and transcription 
factor 







Defence response related ethylene-mediated signalling, DNA 
binding, transcription factor. Encodes a member of the ERF 
(ethylene response factor) subfamily B-3 of ERF/AP2 transcription 
factor family (ERF1) 
Berrocal-Lobo et al. 
(2002); Berrocal-Lobo 






INDUCIBLE 5 or AUXIN-
INDUCIBLE 2-27 







PR1 gene expression is induced in response to a variety of 
pathogens. It is a useful molecular marker for the SAR response. 
Though the Genbank record for the cDNA associated with this gene 
is called 'PR-1-like', the sequence corresponds to PR1. Expression of 
this gene is salicylic-acid responsive. 
Eshraghi et al. (2011); 







Sulphate starvation responsive gene, homologous to the wheat 
sulphate deficiency-induced gene sdi1. Expression in root and leaf is 
induced by sulphur starvation. Knockout mutants retained higher 
root and leaf sulphate concentrations, indicating a role in the 
regulation of stored sulphate pools. 







Insect damage responsive gene, has acid phosphatase activity 
dependent on the presence of divalent cations (Mg2+, Co2+, Zn2+, 
Mn2+). Insects fed with the protein show a retarded development. 
Induced in response to abscisic acid, jasmonic acid, salt, water 
deficiency and wounding. 












AT4, ATIPS2, INDUCED BY 
PI STARVATION 2  
Phosphate starvation responsive gene. This response is enhanced by 
the presence of IAA. Additionally, its expression is responsive to 
both phosphate (Pi) and phosphite (Phi) in shoots. 




FBX2 AT5G21040 F-BOX PROTEIN 2 
FBX2 is a phosphate starvation responsive gene, encoding an F-box 
containing protein that interacts physically with BHLH32 and 
appears to be involved in mediating phosphate starvation 
responses. Its expression is responsive to phosphate (Pi) and not 
phosphite (Phi) in roots and shoots. 




miR399d AT2G34202 MICRORNA399D 
Encodes a phosphate starvation-responsive microRNA that targets 
PHO2, an E2-UBC that negatively affects shoot phosphate content. 
miR399 can be negatively regulated by members of the non-coding 
gene families IPS1 and At4. 







Encodes a ubiquitin E3 ligase with RING and SPX domains that are 
involved in mediating immune responses and mediates degradation 
of phosphate transporter family PHT1s at plasma membranes and 
ubiquitinates PHT1;3, PHT1;2, PHT1;1/AtPT1 and PHT1;4/AtPT2. 
Targeted by MIR827.  




NMT3 AT1G73600 N-METHYLTRANSFERASE 3 
Encodes an S-adenosyl-L-methionine-dependent phosphoethanol-
amine N-methyltransferase whose expression is responsive to both 
phosphate (Pi) and phosphite (Phi) in roots. 








Encodes a purple acid phosphatase with the purpose to free up 
organically bound Pi from the soil, whose expression is responsive 
to both phosphate (Pi) and phosphite (Phi) in roots. Has hydrolase 
activity of the protein with serine/threonine and phosphatase 
activity.  




PHO1 AT3G23430 PHOSPHATE 1 
PSR gene, regulating Pi loading from root to xylem, that is repressed 
by shoot Pi. Encodes a protein with the mainly hydrophilic N-
terminal and the C-terminal containing six potential membrane-
spanning domains. The mutant is deficient in the transfer of 
phosphate from root epidermal and cortical cells to the xylem. Its 
expression is repressed by phosphate (Pi) in shoots and transiently 
induced by phosphite (Phi) in roots and shoots.  







Encodes PHO1;H1, a member of the PHO1 family. Involved in 
inorganic phosphate (Pi) transport and homeostasis. Complements 
pho1 mutation. Its expression is responsive to both phosphate (Pi) 
and phosphite (Phi) in shoots.  












PHOSPHATE 2, UBC24, 
UBIQUITIN-CONJUGATING 
ENZYME 24 
Encodes a ubiquitin-conjugating E2 enzyme. UBC24 mRNA 
accumulation is suppressed by miR399b, miR399c and miR399f. 
Involved in phosphate starvation response and mediates 
degradation of PHO1 and PHT1s at endomembrane. Its expression is 
responsive to phosphate (Pi) and not phosphite (Phi) in roots and 
shoots. 







Phosphate starvation response gene similar to gene from 
Chlamydomonas. Weakly responsive to phosphate starvation. Acts 
upstream of PHO2 in phosphate signalling. Its expression is 
responsive to both phosphate (Pi) and phosphite (Phi) in shoots. 







Encodes an inorganic phosphate transporter Pht1;1. Mutants 
display enhanced arsenic accumulation. Functional at the root-soil 
interface with Pi acquisition from Rhizosphere. 
Shin et al. (2004); 







Encodes Pht1;4, a member of the Pht1 family of phosphate 
transporters. Expression is upregulated in the shoot of cax1/cax3 
mutant and is responsive to phosphate (Pi) and not phosphite (Phi) 
in roots and shoots. 
Shin et al. (2004); 







Encodes Pht1;5, a member of the Pht1 family of phosphate 
transporters. Expression is upregulated in the shoot of cax1/cax3 
mutant and is responsive to phosphate (Pi) and not phosphite (Phi) 
in roots and shoots. 
Mudge et al. (2002); 







Encodes Pht1;7, a member of the Pht1 family of phosphate 
transporters 




PLDζ2 AT3G05630 PHOSPHOLIPASE D ZETA 2 
Encodes a member of the PXPH-PLD subfamily of phospholipase D 
proteins. Regulates vesicle trafficking, required for auxin transport 
and distribution, hence auxin responsive. Involved regulating root 
development in response to nutrient limitation. Plays a major role in 
phosphatidic acid production during phosphate deprivation, hence 
induced in shoots and roots. Hydrolysing phosphatidylcholine and 
phosphatidylethanolamine to produce diacylglycerol for 
digalactosyldiacylglycerol synthesis and free Pi to sustain other Pi-
requiring processes. Does not appear to be involved in root hair 
patterning. Expression is upregulated in the shoot of cax1/cax3 
mutant and is responsive to phosphate (Pi) and not phosphite (Phi) 
in roots and shoots. 


















PS2 encodes PPsPase1, a pyrophosphate-specific phosphatase 
catalysing the specific cleavage of pyrophosphate (Km 38.8 µM) 
with an alkaline catalytic pH optimum. Expression is upregulated in 
the shoot of cax1/cax3 mutant. Cleaves pyrophosphate 
Bari et al. (2006); Müller 




SPX1 AT5G20150 SPX DOMAIN GENE 1 
Expression is upregulated in the shoot of cax1/cax3 mutant. 
Additionally, its expression is responsive to both phosphate (Pi) and 
phosphite (Phi) in both roots and shoots. 







Encodes a UDP-sulfoquinovose: DAG sulfoquinovosyltransferase 
that is involved in sulfolipid biosynthesis allowing release of Pi from 
phospholipids and whose expression is responsive to both 
phosphate (Pi) and phosphite (Phi) in both roots and shoots. 







WRKY75 is one of several transcription factors induced during Pi 
deprivation. It is nuclear localised and regulated differentially during 
Pi starvation. RNAi mediated suppression of WRKY75 made the 
plants more susceptible to Pi stress as indicated by the higher 
accumulation of anthocyanin during Pi starvation. 
Devaiah et al. (2007); Lin 









600	 seconds	 at	 95°C	 was	 followed	 by	 40	 cycles	 of	 denaturing	 (20	 sec.,	 95°C),	
annealing	(30	sec.,	60°C)	and	elongation	(30	sec.,	72°C)	 followed	by	a	melt-curve	
analysis	to	determine	the	amplified	fragment	length	ranging	from	60°C	to	95°C	in	
0.2°C	 increments	 per	 second.	 Aliquots	 of	 10ng	 cDNA	 were	 amplified	 using	 the	
SensiMixTM	No-ROX	Kit	(BIOLINE,	Alexandria,	Australia)	in	a	10µl	reaction	volume	
containing	0.3µM	of	each	primer,	as	suggested	by	the	manufacturer	[PI-50233	V2].	
PCR	 efficiencies	 for	 each	 primer	 pair	 were	 determined	 using	 the	 LinRegPCR	
algorithm	and	software	(Ruijter	et	al.,	2009).	
Evaluation	and	analysis	of	qRT-PCR	were	performed	using	a	 fluorescent	baseline	
setting	of	0.02	 (Rotor-Gene	Q	 series	Version	2.3.1	 [Build	49],	Qiagen,	Alexandria,	
Australia).	 Transcript	 abundance	 was	 normalised	 against	 genes	 PP2AA3	
(AT1G13320,	formerly	known	as	PDF2)	and	UPL7	(AT3G53090)	(Czechowski	et	al.,	
2005).	 For	 further	 details	 on	 the	 reference	 genes	 see	 Table	 4.2.	 Samples	 with	
incorrect	 amplification	 size	were	 excluded	 following	 a	 preliminary	 investigation.	
Outliers	with	unusually	high	Ct	values	were	excluded	from	average	means	and	ΔCt	
determination.	 The	 ΔCt	 is	 defined	 as	 the	 difference	 in	 threshold	 cycle	 number	
between	the	gene	of	interest	and	the	mean	Ct	of	the	reference	genes	PP2AA3	and	







4.2.5.1 Phi induced gene expression variation of nitrogen and sulphur stress 
response genes and hormone response genes  
A	 selection	 of	 six	 genes	 (ANR1,	 ERF1,	 IAA5,	 PR1,	 SDI1	 and	 VSP2)	 known	 to	 be	
expressed	in	response	to	and	indicative	of	different	stress	conditions	in	A.	thaliana	
plants	 (Table	 4.2,	 orange	 highlighted)	 were	 analysed	 for	 their	 response	 to	 Phi	





4.2.5.2 Analysis of Phi induced expression variation in phosphate starvation 
response genes. 
Expression	analysis	of	19	genes	known	 to	 respond	 to	Pi-limiting	 conditions	with	
changes	in	transcript	abundance	were	analysed	for	the	response	or	variation	to	Phi	
treatment	in	A.	thaliana	accessions	(Table	4.2,	highlighted	in	yellow).		
4.2.5.3 Hierarchal cluster analysis of Phi induced variation in gene expression  
Differences	in	gene	expression	between	treatments	or	accessions	were	determined	
using	 hierarchal	 clustering	 of	 Euclidean	 distance	 and	 complete	 linkage	 in	 -ΔΔCt	
values	using	JExpress	2012	software	(http://jexpress.bioinfo.no/site	last	accessed	
01	 July	 2015)	 (Dysvik	 and	 Jonassen,	 2001).	 Changes	 or	 differences	 in	 transcript	
abundance	are	expressed	in	fold	change,	calculated	as	2-ΔΔCt.		
4.2.6 Statistical analysis 
The	significance	of	variation	between	the	sample	groups	from	different	accessions	
or	 treatments	 were	 determined	 by	 analysis	 of	 variance	 (ANOVA).	 Statistical	
significance	 between	 groups	 was	 determined	 for	 P≤0.05.	 To	 simultaneously	
compare	possible	differences	between	multiple	accessions	as	well	as	the	effects	of	
different	 growth	 conditions	 all	 samples	were	 analysed	 by	 Two	Way	 ANOVA.	 To	
separate	significant	means,	following	the	Two	Way	ANOVA,	a	post-hoc	Tukey	test	
was	performed	(SigmaPlot	v	13.0,	Systat	Software	Inc.	San	Jose,	U.S.A.).	Comparison 
of Pi and Phi concentration in multiple accessions tested on control and Phi treatment 





4.3.1 Analysis of phosphite response in young A. thaliana seedlings 
grown on a vertical plate-based system  






















Figure 4.2 Comparison of average primary root length between six 11d old A. thaliana 
accessions in control (0.5mM Pi) and Phi (0.1/0.4mM Pi/Phi) treatment conditions (A). 
Percentage reduction of primary root length with Phi treatment compared to the control 
(B). Bars represent standard errors of the mean (three replicate plates of eight seedlings 
per accession; total number of seedlings analysed n=16-24). All accessions responded 
with a significant (P<0.05) decline in root length from control to Phi treatment medium. 
Accessions that share category letters (upper case in control medium, lower case in Phi 
treatment) are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] 
different. Reduction of primary root length in response to Phi was significant in all 
accessions.  
4.3.1.2 Lateral root development 
Except	 for	Bur-0	all	 accessions	had	a	 reduced	number	of	 lateral	 roots	under	Phi	
treatment,	although	the	relative	decline	in	lateral	roots	varied.	Col-0	had	an	average	
of	 11	 lateral	 roots	 under	 control	 conditions;	 these	 were	 reduced	 significantly	
(P≤0.05)	 to	 6.8	 in	 Phi	 treatment.	 Together	with	 Be-0	 and	 Nd-0,	 Col-0	 showed	 a	
significant	response	in	lateral	root	number	reduction	from	control	to	Phi.	While	for	











Figure 4.3 Comparison of average lateral root number in response to Phi treatment of 
11d old A. thaliana accessions (A). Percentage reduction of lateral root number with Phi 
treatment in relation to the control (B). Bars represent standard errors of the mean (three 
replicate plates of eight seedlings per accession; total number of seedlings analysed 
n=16-24). Accessions that share category letters (upper case in control medium, lower 
case in Phi treatment) are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey 











not	significant,	Col-0	and	Nd-0	had	the	highest	 lateral	root	density	 in	 the	control	
treatments.	The	noticeably	larger	standard	errors	observed	in	control	treatment	for	
Col-0	and	Nd-0	stand	in	contrast	to	their	equivalent	Phi	treatments	and	the	control	





is	 significantly	 less	 than	Bur-0	 at	 165%	 or	 Be-0	 at	 226%	 (P<0.01).	 Col-0	 varied	
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significantly	 to	 all	 other	 accessions,	 while	 Be-0	 treated	with	 Phi	 had	 the	 largest	
change	in	lateral	root	density	(Figure	4.4B).	
	
Figure 4.4 Comparison of average lateral root density (lateral root number/primary root 
length) in response to phosphite (Phi) treatment (0.1/0.4mM Pi/Phi) in accessions of 11d 
old	A.	thaliana (A). Change of lateral root density in response to Phi treatment compared 
to control (B). Bars represent standard errors of the mean (three replicate plates of eight 
seedlings per accession; total number of seedlings analysed n=16-24). Accessions that 
share category letters (upper case in control medium, lower case in Phi treatment) are 
not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] different. All 
accessions except Col-0 responded significantly (P<0.05) to Phi treatment. 
For	 Col-0	 it	 is	 interesting	 to	 note	 that	 the	 reduction	 of	 lateral	 root	 number	 and	
primary	 root	 length	 were	 both	 highly	 significant	 (P<0.01)	 in	 response	 to	 Phi	
treatment	 (Figure	 4.2	 and	 Figure	 4.3),	 yet	 the	 ratio	 remains	 stable,	 suggesting	 a	
possible	 linear	 correlation	 of	 the	 two	 traits	 to	 Phi	 treatment.	 In	 contrast,	 Bur-0	
showed	no	reduction	in	lateral	root	number,	yet	it	had	a	significant	(P<0.01)	decline	







length	 and	 lateral	 root	 density	 [as	 a	 per	 cent	 of	 the	 control]	 of	 the	 individual	
accessions	were	plotted	against	each	other.	In	the	group	of	six	accessions	primary	









Figure 4.5 Correlation of relative reduction in lateral root number and primary root 
length in response to phosphite (Phi) treatment in six 11 old A. thaliana accessions (three 
replicate plates of eight seedlings per accession; total number of seedlings analysed 
n=16-24). The ratio of 1:1 is illustrated by the dotted line. 
4.3.1.3 Analysis of fresh weight 
The	 fresh	 weight	 analysis	 of	 the	 12-day-old	 seedlings	 confirmed	 a	 significant	
(P≤0.05)	 difference	 between	 accessions	 under	 control	 (0.5mM	 Pi)	 and	 Phi	







decline	 in	 average	 fresh	 weight	 compared	 to	 the	 control	 was	 not	 significantly	
(P≤0.05)	different	across	accessions	and	ranged	between	89%	in	Be-0	and	73%	in	
Ri-0	(Figure	4.6B).	Although	Ri-0	differs	marginally	from	the	other	accessions	with	






Figure 4.6 Comparison of the average fresh weight of pooled seedlings (n=15-24) from 
six 11d old A. thaliana accessions in control (0.5mM Pi) and Phi treatment (0.1/0.4mM 
Pi/Phi) conditions A). The relative reduction of fresh weight in per cent to control in Phi 
treated plants B). Bars represent standard errors of the mean (three replicate plates of 
eight seedlings per accession; total number of seedlings analysed n=16-24). Accessions 
that share category letters (upper case in control medium, lower case in Phi treatment) 
are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] different. 
Reduction of fresh weight was significant for Bur-0 and Ri-0 in response to Phi 
treatment.  






in	 response	 to	 Phi	 treatment	 was	 also	 recorded	 for	 all	 accessions,	 despite	 the	
provision	of	0.1mM	Pi	in	the	substrate.	Pi	concentration	in	Phi	treated	plants	was	
significantly	 (P<0.05)	 lower	 in	 Be-0	 and	 significantly	 (P<0.05)	 higher	 in	 Ri-0	










Figure 4.7 Comparison of average inorganic Pi and Phi concentrations (A), and average 
whole plant Pi and Phi content (B) in seedlings from six 11d old A. thaliana accessions in 
control (0.5mM Pi) and Phi treatment (0.1/0.4mM Pi/Phi) conditions. The Pi concentration 
was determined only in the control treatment. Cellular Pi and Phi concentration of Phi 
treated plants stacked as a representation of combined Pi and Phi concentration in 
seedling accessions (three replicate plates of eight seedlings per accession; total 
number of seedlings analysed n=16-24). Bars represent standard error of means. All 
accessions had a significantly (P≤0.05 Two-Way ANOVA post hoc Tukey analysis) 
reduced Pi content in Phi treatment, and accumulated more Pi than Phi.  
Similar	 to	 the	 observations	 made	 for	 Pi,	 Phi	 tissue	 concentration	 also	 varied	
between	accessions.	Again,	Phi	in	Ri-0	measured	significantly	(P<0.05)	higher	than	
Be-0,	 Bur-0	 and	 Sha,	 while	 Col-0	 and	 Nd-0	were	 not	 different	 from	 Ri-0	 or	 the	
remaining	accessions	(Figure	4.7A).	Despite	the	four	times	higher	Phi	concentration	
than	Pi	 in	 the	medium	all	accessions	accumulated	more	Pi	 than	Phi	although	this	
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was	 only	 significant	 (P<0.05)	 in	Bur-0,	 Col-0	 and	Ri-0	 as	 a	 result	 of	 higher	 data	
fluctuation	in	Be-0	and	Sha	measurements	(Figure	4.7A).		
The	accessions	varied	in	their	Pi	concentration	not	only	when	uptake	competes	with	
Phi,	 but	 also	 in	 control	 conditions.	 Despite	 the	 differences	 in	 Pi	 concentration	
between	 accessions	 the	 relative	 decline	 from	 control	 to	 Phi	 treatment	 was	
significant	 (P<0.05)	 in	 all	 accessions	 except	 for	 Ri-0,	 whereas	 differences	 in	
response	to	Phi	between	accessions	were	also	only	significant	(P<0.05)	between	Ri-
0	 with	 the	 lowest	 and	 Sha	 with	 the	 highest	 relative	 decline	 in	 Pi	 concentration	
(Figure	4.8).	Significant	differences	in	absolute	values	between	accessions,	as	seen	
for	 Pi	 concentration	 in	Be-0	 and	Bur-0	 (Figure	 4.7),	 do	 not	 necessarily	 result	 in	
significant	relative	 changes,	which	were	also	 seen	 for	 the	 investigated	root	 traits	
above	(4.3.1.1,	4.3.1.2).		
	
Figure 4.8 Comparison of Pi concentration in Phi treated plants (0.1/0.4mM Pi/Phi) given 
as a percentage of the control (0.5mM Pi) in 11d old A. thaliana accessions. Bars 
represent standard errors of the mean (three replicate plates of eight seedlings per 
accession; total number of seedlings analysed n=16-24). Accessions with shared 
category letters are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] 




















the	 rest.	 Bur-0	 also	 had	 the	 highest	 total	 Pi	 content	 in	 control	 and	 Phi	medium	






Col-0,	 the	 strongly	 opposing	 response	 in	 primary	 root	 length	 and	 lateral	 root	
number	 between	Bur-0	 and	Col-0	 suggests	 a	 stronger	 phenotypic	 variation.	 The	
choice	for	Col-0	was	reinforced	not	only	by	the	vast	research	information	available	






Table 4.3 Comparison matrix of measured traits between 11d old A. thaliana accessions 
in response to Phi treatment. Illustrated are stronger [green], weaker [red] or similar [grey] 
responses to Phi compared to reference accession Col-0. 










PRL [mm]       
LRN       
LRD       
FW [mg]       
Pi [µmol/plant]       












PRL [mm]       
LRN       
LRD       
FW [mg]       
Pi [µmol/plant]       















PRL       
LRN       
LRD       
FW       
Pi       
na= data not available, PRL= primary root length, LRN= lateral root number, LRD= lateral root density, 
FW= shoot fresh weight, Pi/Phi= inorganic phosphate (Pi) or phosphite (Phi). 
     
strong  neutral  weak 














than	 Bur-0	 in	 control	 and	 Phi	 treatment.	 In	 control	 conditions	 the	 shoot	 fresh-
weight	 of	 Col-0	was	 significantly	 (P<0.05)	 higher	 than	 the	Bur-0	 control,	 but	 no	
discernible	 (P=0.319)	 difference	 in	 shoot	 weight	 was	 found	 in	 the	 Phi	 treated	
accessions.	 The	 measured	 variation	 in	 fresh	 weight	 was	 also	 evident	 by	 visual	
inspection	(Figure	4.10).		
	
Figure 4.9 Changes in average root and shoot fresh weights of 34d old A. thaliana 
accessions Bur-0 and Col-0, from control (0.25mM Pi) to Phi treatment (0.025/0.225mM 
Pi/Phi). Bars represent standard error of the mean (eight plants per box from four 
replicated boxes for each treatment and accession, n=31-32). Bars that share category 
letters (upper case in control medium, lower case in Phi treatment of shoot tissue, and 
Arabic letters for control medium, and Latin numbers for Phi treatment of root tissue) are 
not significantly [P≤0.05 Two Way ANOVA post hoc Tukey analysis] different between 






 Figure 4.10 Difference in the shoot and root development between 34d old A. thaliana Bur-0 and Col-0 plants in control (0.25mM Pi) and Phi treatment 
(0.025/0.225mM Pi/Phi) conditions. Shoot growth (measured in fresh weight) for Col-0 was significantly (P<0.01) higher in control conditions [A], while in 
Phi treatment [B] the difference was not significant (P=0.319). Root growth for Bur-0 in control was similar in length but with less lateral root growth, 
while in Phi treatment Bur-0 was stunted compared to Col-0 and significantly (P<0.05) lighter [C]. 
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4.3.2.2 Phosphate and phosphite tissue concentration of hydroponically grown 
Arabidopsis thaliana plants of accessions Bur-0 and Col-0  
Analysis	of	 inorganic	Pi	and	Phi	concentrations	 in	shoot	 tissue	of	control	and	Phi	





was	 significantly	 (P<0.05)	 higher	 than	 Col-0	 (Figure	 4.11).	 Overall,	 Bur-0	
accumulates	higher	concentrations	of	Pi	or	combined	Pi	and	Phi	in	both	treatments.		
	
Figure 4.11 Changes in mean shoot phosphate (Pi) concentration [µmol/g FW] of 34d old 
A. thaliana accessions Bur-0 and Col-0, from control (0.25mM Pi) to Phi treatment 
(0.025/0.225mM Pi/Phi). Bars represent the standard error of the mean (eight plants per 
box from four replicate boxes for each treatment and accession n=31-32). Bars that 
share category letters (uppercase Pi in control medium, lower case Pi in Phi treatment, 
Greek letters for Phi in Phi treatment) are not significantly [P≤0.05 Two Way ANOVA post 
hoc Tukey analysis] different. 
Although	Phi	availability	 in	 the	Phi	 treatment	medium	was	ten	times	higher	than	
available	 Pi,	 accumulation	of	Phi	was	only	significantly	higher	 in	Bur-0	 (P<0.01).	
This	was	not	the	case	in	Col-0	(P=0.495)	as	it	accumulated	less	Phi	(Figure	4.11).	
Bur-0	appears	to	readily	take	up	Pi	and	Phi	at	higher	rates	than	Col-0,	yet	the	relative	








Figure 4.12 Comparison of reduced shoot Pi concentration in 34d old A. thaliana 
accessions of Bur-0 and Col-0 between Phi treated plants (0.025/0.225mM Pi/Phi) relative 
to controls (0.25mM Pi) as a percentage of tissue concentration [µmol/g FW] A). 
Comparison of the relative reduction in plant total Pi content [Pi µmol/plant] between 
accessions in per cent of control (control=100%) in response to Phi treatment B). Bars 
represent the standard error of the mean (eight plants per box from four replicate boxes 
for each treatment and accession n=31-32). Pi concentration and whole plant content 
were significantly higher in Col-0 determined by Two Way ANOVA analysis including post 
hoc Tukey test (P≤0.05).  










Figure 4.13 Changes in shoot Pi and Phi content [mmol/plant] in 34d old A. thaliana 
accessions of Bur-0 and Col-0, from control (0.25mM Pi) to Phi treatment (0.025/0.225mM 
Pi/Phi). Bars represent the standard error of the mean (eight plants per box from four 
replicate boxes for each treatment and accession n=31-32). Bars that share category 
letters (uppercase Pi in control medium, lower case Pi in Phi treatment, Greek letters for 
Phi in Phi treatment) are not significantly [P≤0.05 Two Way ANOVA post hoc Tukey 
analysis] different. 
4.3.3 Analysis of chlorophyll concentration as a stress response 
indicator  
Spectrophotometric	concentration	analysis	of	chlorophyll	in	control	and	Phi-treated	
plants	were	performed	on	aliquots	 from	 tissue	 samples	of	hydroponically	grown	
Arabidopsis	plants	as	described	in	4.2.3.2.	A	highly	significant	(P<0.01)	30%	increase	
of	chlorophyll	a	(Chl	a)	in	Bur-0	and	10%	in	Col-0	(P<0.01)	was	evident,	indicating	
a	 Phi	 dependant	 phenotypic	 response	 (Figure	 4.14A).	 Furthermore,	 significant	
(P<0.01)	differences	in	Chl	a	concentrations	were	also	apparent	between	Bur-0	and	
Col-0	plants	grown	under	the	same	conditions.	The	magnitude	of	this	difference	is	
apparent	 by	 observing	 that	 the	 concentration	 in	 Phi	 treated	 Bur-0	 plants	 only	
reached	 the	 level	 normally	 found	 in	 control	 plants	 of	 Col-0,	 which	 in	 turn	 was	
significantly	 (P<0.01)	 lower	 than	Phi	 treated	Col-0	 plants	 demonstrating	 natural	
variation	between	the	chosen	accessions	as	was	intended	for	Phi	treatments.		
While	analysis	of	chlorophyll	b	(Chl	b)	concentration	in	Bur-0	showed	no	discernible	
adaptation	 to	 changes	 in	 growth	 medium,	 a	 significant	 (P<0.01)	 decrease	 was	
exhibited	 by	 Col-0	 in	 response	 to	 Phi-treatment.	 The	 Chl	b	 concentration	 in	 Phi-






response	 to	 treatment	 (Figure	 4.14C).	 This	 is	 attributed	 to	 the	 simultaneous	
increase	in	Chl	a	concentration	and	decrease	in	chlorophyll	b,	leading	to	a	marginal	
net	 change.	 In	 Bur-0,	 total	 chlorophyll	 concentration	 changes	 primarily	 as	 a	
consequence	of	the	significant	increase	in	chlorophyll	a	concentration	in	Phi	treated	
plants,	 resulting	 in	a	significantly	 lower	Chl	 total	 in	 control	 and	Phi	 treatment	of	
Bur-0	compared	to	Col-0	(Figure	4.14Figure	4.15C).	Thus,	both	accessions	show	a	
significant	 increase	 in	 the	 ratio	 of	 chlorophyll	 a/b	 (Chl	 a/b)	 in	 response	 to	 Phi	
treatment,	due	to	the	strong	increase	in	chlorophyll	a	concentration.	Additionally,	





Figure 4.14 Changes in chlorophyll concentration of 34d old A. thaliana accessions Bur-0 
and Col-0 in control (0.25mM Pi) and Phi treated (0.025/0.225mM Pi/Phi) hydroponically 
grown plants. (A) Chlorophyll a (µg/mg FW), (B) chlorophyll b (µg/ g FW), (C) total 
chlorophyll (µg/ g FW), and (D) chlorophyll a/b ratio. Bars represent SE of the mean from 
pooled plants shown in columns (eight plants per box from four replicate boxes for each 
treatment and accession n=31-32). When samples of the same medium do not share a 
category letter, differences are significant (P≤0.05) as determined by a Two Way ANOVA 
analysis including post hoc Tukey test. Significant changes in response to Phi within 
accessions are indicated by [*]. 
To	evaluate	whether	 the	significant	difference	 in	 chlorophyll	a	 and	chlorophyll	b	







Figure 4.15 Changes in total plant chlorophyll content of 34d old A. thaliana accessions 
Bur-0 and Col-0 in control (0.25mM Pi) and Phi treated (0.025/0.225mM Pi/Phi) 
hydroponically grown plants. (A) Chlorophyll a (µg/plant), (B) chlorophyll b (µg/plant), (C) 
total chlorophyll (µg/plant), and (D) chlorophyll a/b ratio. Bars represent SE of the mean 
from pooled plants shown in columns (eight plants per box from four replicate boxes for 
each treatment and accession n=31-32). When samples of the same medium do not 
share a category letter, differences are significant (P<0.05) as determined by a Two Way 
ANOVA analysis including post hoc Tukey test. Phi treatment caused a significant 
(P<0.05) change in chlorophyll content and ratio in both accessions [*]. 
While	 there	 was	 no	 significant	 difference	 between	 the	 average	 chlorophyll	 a,	
chlorophyll	b	and	total	chlorophyll	tissue	concentration,	the	total	plant	content	of	
each	 of	 these	 decreased	 significantly	 (P<0.01)	 in	 both	 accessions	 following	 Phi-
treatment	 compared	 to	 the	 control.	 Contrastingly,	 no	 significant	 (P≥0.130)	









4.3.4 Analysis of gene expression response to sustained Phi treatment 
To	investigate	the	genetic	basis	regulating	the	observed	differences	in	physiological	
responses	of	fresh	tissue	weight	and	soluble	Pi	and	Phi	concentration	in	response	to	
Phi	 treatment,	 a	 gene	 expression	 analysis	 of	 25	 well-documented	 phosphate	
starvation	 response	 genes	 was	 performed.	 The	 comparison	 of	 Bur-0	 and	 Col-0	
plants	grown	hydroponically	in	control	and	Phi	treatment	conditions	was	chosen	to	
evaluate	expression	differences	of	genes	regulating	the	Pi	homeostasis,	in	addition	
to	 general	 stress,	 nitrogen	 and	 sulphur	 stress	 response	 genes	 and	 hormone	
response	genes	were	examined.		
The	 tissue	 selected	 for	 gene	 expression	 analysis	 was	 sourced	 from	 six	 plants	
described	 in	 4.3.2.	These	were	 selected	 based	 on	 the	 closest	 fresh	weight	 to	 the	
median	from	the	total	pool	of	32	plants	for	each	accession.	
4.3.4.1 Expression analysis of known general and nutrient stress response 
genes and hormone response genes in accessions Bur-0 and Col-0 
following sustained Phi treatment 
The	strongest	 response	 to	Phi	 treatment	was	 recorded	 for	 the	pathogen	defence	
related	gene	PR1	with	a	significant	(P<0.05)	12.7-fold	increase	from	control	in	Col-0.	
While	the	expression	between	controls	of	Col-0	and	Bur-0	did	not	vary	significantly	
(P=0.63),	 Phi	 treatment	 reduced	 expression	 in	 Bur-0	 by	 2.5-fold	 (P=0.30)	 from	
control	 (Figure	 4.16).	 As	 a	 result	 of	 the	 contrasting	 response	 to	 Phi,	 the	 20-fold	





The	 second	 strongest	 response	 to	 Phi	 treatment	 was	 measured	 for	 the	 auxin-











Figure 4.16 Relative transcript abundance (40-ΔCt) of six general, nitrogen and sulphur 
stress response genes and hormone response genes in A. thaliana accessions Col-0 and 
Bur-0 in response to continuous Phi treatment after 34 days (number of analysed plant 
samples n=5-6, except Bur-0 for ANR1 n=2-4; VSP2 in Col-0 control n=3). Statistical 
significance (P≤0.05) determined by Two Way ANOVA analysis including post hoc Tukey 
test, see legend.  
4.3.4.2 Expression analysis of phosphate starvation associated genes in 
accessions Bur-0 and Col-0  
The	 19	 known	 phosphate	 starvation	 response	 genes	 were	 separated	 into	 three	
categories	based	on	the	response	of	the	two	accessions	to	Phi-treatment	and	how	
they	 compared	 to	each	other.	Genes	 showing	no	 response	 to	Phi	 treatment	were	
grouped	in	the	first	category.	Expression	levels	of	FBX2,	PHO1	and	SPX1	showed	no	













controls,	 PHO1;H1	 transcription	 levels	 in	 control	 varied	 significantly	 (P<0.01)	
between	Col-0	and	Bur-0,	whilst	in	response	to	Phi,	there	was	a	3.1-fold	induction	
in	Bur-0	and	a	1.7-fold	 induction	 in	Col-0,	 the	expression	 levels	 in	Phi	 treatment	
were	 similar	 (P=0.065).	 In	 Col-0	 Phi	 induced	 PLDz2	 significantly	 (P<0.01),	 by	




transcript	 abundance	of	miR399d	 in	Col-0	was	10-fold	higher	 in	 control	 and	Phi	
treatment	 than	 Bur-0.	 PHO2	 was	 the	 only	 gene	 for	 which	 gene	 expression	 was	
inhibited	by	Phi	in	both	accessions	by	2.1-fold	(P<0.01)	in	Col-0	and	1.4-fold	in	Bur-0	
(P=0.091)	(Figure	4.17B).	






were	 not	 significant	 (P=0.051)	 (Figure	 4.17C).	 All	 tested	 phosphate	 transporter	
homologs	(PHT1;1,	PHT1;4,	PHT1;5	and	PHT1;7)	showed	the	same	trend	in	which	
expression	 in	 Col-0	 plants	 was	 inhibited	 by	 Phi	 treatment,	 while	 it	 induced	
expression	 in	Bur-0,	 although	 expression	 changes	were	 not	 significant	 (P≥0.176,	
except	Col-0	PHT1;7	P=0.057)	in	either	accession.		










abundance	 in	 control	 did	 not	 differ	 between	 accessions	 (P=0.298),	 following	 Phi	
treatment,	Col-0	had	a	significant	(P<0.01)	1.8-fold	higher	expression	than	Bur-0.	





Figure 4.17 Relative transcript abundance (40-ΔCt) of 19 genes with known responses to 
Pi starvation in A. thaliana accessions Bur-0 and Col-0 in response to constant Phi 
treatment after 34 days. Bars represent the standard error of the mean (number of 
analysed plant samples n=5-6, except PHT1;5 and PHT1;7 n=3-4). Responses are 
grouped as A) No change in response to Phi treatment of accessions, B) same response 
to Phi treatment or same trend between accessions C) opposite response to Phi 
between Bur-0 and Col-0. Statistical significance (P≤0.05) determined by Two Way 













number	 of	 lateral	 roots	 in	 Bur-0	 between	 control	 and	 Phi	 treatment	 (4.3.1.2),	
compared	 to	 the	 reduction	 in	 PRL	 by	 Phi	 throughout	 the	 tested	 accessions.	 This	
matches	observations	by	Chevalier	et	al.	(2003),	who	reported	that	only	25%	of	the	
analysed	 accessions	 responded	 to	 phosphate	 starvation	 in	 either	 primary	 root	
length	or	lateral	root	development,	while	50%	responded	in	both,	and	the	remaining	
25%	not	at	all.	Therefore,	this	study	extends	observations	of	variation	in	response	
to	 phosphate	 starvation	 between	 accessions	 to	 those	 including	 a	 differential	
response	to	Phi	treatment	and	PSR	symptoms.	Phi	treatment	reduced	the	primary	
root	length	in	accessions	Be-0,	Bur-0,	Col-0,	Nd-0,	Ri-0,	and	Sha,	confirming	findings	
by	 Ticconi	 et	 al.	 (2001)	 and	 Berkowitz	 et	 al.	 (2013),	 who	 suggested	 that	 Phi	




on	 other	 aspects	 of	 the	 phosphate	 starvation	 response	 (PSR)	 and	 general	 plant	
health.		
The	plate-based	approach	after	11	days	of	growth	showed	differences	between	the	
accessions	 for	 phenotypic	 adaptations,	 as	 evident	 by	 reductions	 in	 primary	 root	
lengths,	 tissue	 Pi	 concentrations	 and	 fresh	 weights	 in	 response	 to	 phosphite.	



























and	 (4)	 despite	 the	 ten	 times	 higher	 Phi	 availability,	 both	 Bur-0	 and	 Col-0	
accumulated	 equal	 amounts	 of	 Pi;	 these	 results	 also	 confirmed	 the	 12	 day	 plate	
experiment.	The	higher	Phi	concentration	in	Bur-0	tissue	is	likely	to	cause	reduced	
plant	growth	by	partial	interference	with	the	plants	phosphate	starvation	response	
as	 reported	 previously	 and	 hence	 causing	 a	 reduction	 in	 primary	 root	 length	
(Ticconi	 et	 al.,	 2001;	Varadarajan	et	 al.,	 2002;	Berkowitz	et	 al.,	 2013).	Moreover,	
Bur-0	 control	plants	 also	 showed	 shorter	 primary	 roots,	 lower	 fresh	weight	 and	
higher	Pi	content,	whereas	Col-0	control	plants	had	significantly	higher	shoot	and	
root	fresh-weight	despite	less	Pi	content.	Although	Col-0	plants	had	an	overall	lower	








The	 use	 of	 chlorophyll	 (Chl)	 as	 a	 suitable	 indicator	 of	 light	 and	 heat	 stresses	 in	
vascular	plants	has	been	well	known	and	 reported	 since	 the	1970’s	 (Martin	and	
Warner,	1984).	To	understand	 if	both	accessions	 respond	similarly	 to	 stress,	 the	
chlorophyll	composition	(Chl	a/b)	was	investigated.	In	healthy	plants,	a	3:1	ratio	in	
Chl	a/b	 (amount	per	unit	of	 fresh	weight)	 is	normally	 found	which	declines	as	a	
response	to	stress	(Plaxton	and	Tran,	2011;	Zhang	et	al.,	2011a;	Park	et	al.,	2012).	
In	 the	 context	of	 investigating	 the	effects	of	Phi	on	 the	plant	Pi-metabolism,	 it	 is	
known	for	a	wide	variety	of	plants	that	chlorophyll	concentrations	respond	directly	
to	Pi	limitations,	and	chlorophyll	concentrations	decline	with	diminishing	Pi-status	
(Riemann	 et	 al.,	 1989;	 Park	 et	 al.,	 2010).	 Therefore,	 the	 metabolically	 inert	 Phi	





the	 present	 study,	 the	 results	 indicate	 that	 in	 Phi	 treated	 Col-0	 only	 the	 Chl	b	
concentration	 declined.	 Chlorophyll	 concentrations	 for	 Chl	a	 instead	 increased	
following	 Phi	 treatment,	 as	 did	 the	 values	 for	 Chl	a/b	 ratios	 in	 both	 accessions.	
Despite	 this	 unexpected	 observation	 the	 measured	 concentrations	 in	 all	 plants	
ranged	well	between	the	commonly	reported	0.5	to	1.5µg/mg	FW	in	Arabidopsis	(Bu	




et	al.	 (2011a)	also	 found	that	 the	combined	application	of	Pi	and	Phi	 to	 the	algae	
Microcystis	aeruginosa	produced	an	increased	chlorophyll	concentration,	while	the	
isolated	application	of	either	Pi	or	Phi	 in	starved	cell	suspension	decreased	 it.	 In	






parts	 of	 the	 PSR	 (Berkowitz	 et	 al.,	 2013;	 Burra	 et	 al.,	 2014;	 Jost	 et	 al.,	 2015).	





Pi	 and	Phi	 accumulation	 in	Bur-0.	 A	 quick	 growing	 primary	 root	 combined	with	




accession	 originated,	 most	 likely	 requires	 different	 priorities	 with	 a	 larger	 root	
system	later	on	 in	 the	 life	 cycle	of	 the	plant,	 as	 seen	 in	 the	34d	old	plants	 in	 the	
present	study.	Evidence	of	adaptation	to	local	environments	has	been	observed	in	a	
variety	 of	 different	 species	 (Hereford,	 2009),	 including	 genetic	 adaptations	 to	
different	 climates	 (Eckert	 et	 al.,	 2010).	 Furthermore,	 a	 large-scale	 genome-wide	
association	study	successfully	demonstrated	that	single	nucleotide	polymorphisms	
(SNP)	of	alleles	associated	with	growth	benefits	have	a	higher	occurrence	closer	to	
their	 geographic	origin	 (Fournier-Level	 et	 al.,	 2011).	 This	was	 demonstrated	 for	
geographically	diverse	inbred	lines	derived	from	populations	of	European	oceanic	
and	continental	origin,	similar	to	those	of	Bur-0	and	Col-0,	supporting	the	selection	









result	of	 a	higher	phosphate	acquisition	 rate	 in	Bur-0.	Phosphate	acquisition	 can	







Phi	 in	 changes	 of	 chlorophyll	 in	 the	 algae	Microcystis	 aeruginosa	 (Zhang	 et	 al.,	
2011a),	an	independence	of	Phi	uptake	from	Pi	appears	less	likely.	Further	analysis	
is	needed	by	comparing	the	uptake	of	Pi	and	Phi	between	Pi	starved	Col-0	and	Bur-0	
plants	 following	 the	 resupply	 with	 Pi,	 Phi	 or	 a	 combination	 of	 both,	 to	 allow	
affirmative	conclusion	(Narang	et	al.,	2000;	Jost	et	al.,	2015).		








attenuation	 by	 Phi	 for	 SQD2	 could	 not	 be	 confirmed	 in	 the	 present	 study.	
Furthermore,	 it	 has	 been	 suggested	 that	 Phi	 interferes	 with	 the	 local	 signalling	
components	affecting	lipid	remodelling	by	PLDζ2,	SQD2	and	NMT3	(Essigmann	et	





of	 WRKY75	 in	 Phi	 treated	 Col-0	 over	 Bur-0.	 Given	 the	 reported	 regulatory	
independence	of	NMT3	from	PHR1	(Bari	et	al.,	2006),	regulation	during	PSR	via	the	
typical	 PSR	 transcription	 factor	 WRKY75	 appears	 likely.	 As	 the	 expression	 of	
WRKY75	negatively	regulates	lateral	root	growth	independent	of	the	global	Pi	status	
(Devaiah	 et	 al.,	 2007),	 the	 difference	 in	 transcript	 abundance	 and	 root	 system	
development	 between	 Bur-0	 and	 Col-0	 also	 correlates	 strongly.	 Furthermore,	
reduced	expression	of	WRKY75	is	associated	with	increased	Pi	stress	susceptibility	
and	also	correlates	with	 increased	anthocyanin	accumulation.	Regrettably,	 in	this	










This	 study	 provides	 conclusive	 evidence	 of	 significant	 phenotypic	 differences	 in	




treatment.	Most	 notable	 differences	were	 detected	 in	 lateral	 root	 number,	 fresh	
weight	and	average	plant	Pi	content,	but	also	in	primary	root	length	and	lateral	root	
density.	While	 it	 could	 be	 argued	 that	 Bur-0	 and	 Col-0	 did	 not	 always	 have	 the	
overall	 most	 opposing	 response	 to	 Phi,	 they	 were	 the	 most	 consistent	 pair,	






Chapter 5 Analysis of phosphite specific 
quantitative trait loci and candidate genes from a 
recombinant inbred line population of Arabidopsis 
thaliana  
5.1 Introduction  
Identification	of	the	genetic	factor(s)	responsible	for	a	phenotypic	trait	is	intricate	
and	can	be	difficult	 to	determine	when	multiple	 factors	 influence	 the	phenotype.	





































5.1.1 Screening of the recombinant inbred line (RIL) population  
Without	prior	knowledge	of	possible	Phi-specific	loci	the	use	of	RIL	populations	was	







that	 the	 recombinant	 chromosomes	 in	 a	 recombinant	 inbred	 population	 are	
immortalised	through	selfing	of	individual	F2	seedlings	for	at	least	six	generations	
(Simon	et	al.,	2008).	
By	crossing	the	parental	 lines	the	F1	population	 is	heterozygous,	but,	 following	a	
selfing	process	of	each	individual	line	over	several	generations,	the	heterozygosity	
in	each	line	is	eventually	converted	into	a	homozygous	mosaic,	based	on	fragments	
from	 both	 parental	 lines,	 rearranged	 by	 crossing	 over	 processes	 in	 each	 selfed	
generation.	Through	this	process	a	population	with	a	multitude	of	individual	genetic	







population	derived	 from	 the	 parents	Bur-0	 and	Col-0,	which	 had	 been	 shown	 to	
provide	 sufficiently	 opposing	 responses	 to	 Phi	 in	 Chapter	 3	 and	 Chapter	 4.	
Comparison	of	a	sufficiently	large	population	generally	will	reveal	segregation	if	the	
parental	 lines	 differ	 genetically	 in	 the	 investigated	 trait.	 If	 multiple	 genes	 are	
responsible	 for	 the	 observed	 plant	 trait,	 for	 example	 lateral	 root	 number,	 the	
combinations	 of	multiple	 regulating	 genes	 should	 also	 lead	 to	 variation	 in	 traits	
through	segregation	and	should	be	visible	throughout	the	population	by	a	range	of	
phenotypic	values	that	differ	from	the	values	of	the	two	parental	lines	(Simon	et	al.,	














provides	 enough	 genetic	 variation	 between	 the	 two	 parental	 lines	 the	 supplier	
suggests	 to	 initially	 test	 a	 minimal	 set	 of	 20	 lines	 which	 are	 part	 of	 the	 core	
population	 and	 have	 large	 phenotypic	 variation	 to	 determine	 suitability.	 Once	 a	
successful	test	of	the	minimal	set	is	completed,	the	core	population	of	164	lines	plus	
parents	can	then	be	screened	to	help	identify	the	QTL	for	primary	root	length	(PRL),	








multigenic	 traits	with	 variation	 at	multiple	 loci	 to	 one	 phenotypic	 trait.	 Utilising	
computer-based	 analysis	 is	 further	 beneficial	 through	 increased	 functions	 and	
features	 of	 improved	 and	 extended	 algorithms	 from	 the	 conventional	 earlier	
versions	(Lander	and	Botstein,	1989),	which	can	take	into	account	the	neighbouring	
effects	 of	marker	 data	 or	missing	 sample	 values	 adding	 increased	 accuracy	 and	
quality	 of	 the	 calculations.	 Such	 software	 can	 be	 found	 in	 the	 freely	 available	
software	 QTL	 iciMapping	 (Meng	 et	 al.,	 2015),	 which	 continues	 to	 be	 actively	
developed	 with	 regular	 improvements	 to	 the	 computational	 algorithms.	 This	
mapping	software	provides	additional	features	and	improvements	that	extend	over	
previous	mapping	methods	(Li	et	al.,	2007;	Zhang	et	al.,	2008).	 In	addition	to	the	
user-friendliness	 the	 program	 also	 offers	 multiple	 options	 for	 the	 analysis	 of	










5.1.3 Candidate gene selection 
Once	the	successful	identification	of	Phi	specific	QTL	for	the	investigated	traits	have	
been	determined,	suitable	candidate	genes	from	the	loci	need	to	be	selected.	As	the	
distance	 between	 markers	 is	 on	 average	 over	 1.4	 million	 base	 pairs	 apart,	 the	





on	 root	 architecture.	 Furthermore,	 changes	 in	 gene	 expression	 in	 response	 to	
pathogen	exposure	may	also	indicate	a	potential	target	or	affected	gene,	relevant	to	
understanding	the	effects	of	Phi	in	plants,	as	well	as	further	the	knowledge	of	how	
Phi	 enhances	 the	 defence	 response	 in	 plants	against	 pathogens,	 and	 particularly	
oomycetes.		
5.1.4 Gene expression analysis 
To	 evaluate	 the	 relevance	 of	 the	 selected	 candidate	 genes	 and	 to	 confirm	 their	
detection	by	the	QTL	analysis	a	comparison	of	the	gene	expression	between	the	two	
parental	accessions	Col-0	and	Bur-0	grown	in	control	and	Phi	treatment	conditions	
will	 assist	 in	 the	 determination	 of	 the	 expressed	 quantitative	 trait	 loci	 (eQTL)	
(Kliebenstein,	2009;	Hammond	et	al.,	2011).	Expression	profiles	of	 the	candidate	










to	 genes	 reported	 to	 respond	 to	 phosphate	 starvation	 and/or	 pathogen	 defence,	
with	 the	 intention	 to	 identify	 genes	 responding	 specifically	 to	 Phi	 and	 to	 offer	 a	




5.2 Materials and Methods 
5.2.1 Phi response analysis in 12d old seedlings of Arabidopsis thaliana 
The	experimental	setup	and	procedures	for	analysis	of	A.	thaliana	seedlings	of	the	
RIL	population	from	Bur-0	x	Col-0	was	performed	as	described	in	3.2.2.	The	relative	





from	 INRA	 (Versailles,	 France	 http://publiclines.versailles.inra.fr/page/20)	 the	
current	 study	 focused	on	 investigating	 the	 core	 population	 of	164	 lines	 plus	 the	
parents.		
Seeds	of	the	20RV	population	parental	lines	Bur-0	(Versailles	172AV)	propagated	











with	the	modification	that	 the	position	of	 the	root	 tip	was	marked	after	a	12-day	
growth	 period	 and	 only	 the	 overall	 length	was	 determined	with	 eight	 seeds	per	
accession,	plate	and	treatment.		









reference	 measurements	 from	 Chapter	 4,	 the	 individual	 sets	 of	 18	 RIL’s	 were	
repeated.	
5.2.2 Quantitative trait loci determination for Phi sensitivity in Bur-0 x 
Col-0 recombinant inbred line (RIL) population  
The	 identification	 of	 quantitative	 trait	 loci	 (QTL)	 including	 Phi	 specific	 response	
genes	was	performed	by	utilising	 the	averages	of	 the	 relative	 change	 in	per	 cent	
between	control	and	Phi	treated	samples	for	PRL,	LRN	and	LRD	as	described	in	5.2.1.	








5.2.3 Selection of candidate genes of Phi specific quantitative trait loci - 
Screening of identified QTL for candidate genes 
From	the	 identified	QTL	a	selection	of	candidate	genes	was	made,	based	on	their	
role	in	the	response	to	phosphate	starvation	(PSR)	or	pathogen	defence	response.	
These	 were	 used	 to	 identify	 genes	 with	 reported	 change	 of	 expression	 in	 PSR,	
exposure	to	phosphite	or	in	the	presence	of	oomycete	pathogens.		
5.2.4 Gene expression analysis  
To	investigate	the	Phi	specific	response	of	the	identified	candidate	genes,	relative	
transcript	abundance	was	determined	for	shoot	tissue	of	Bur-0	and	Col-0	in	control	
and	 Phi	 treatment	 conditions.	 To	 compare	 expression	 data	 collected	 for	 general	





5.2.4.1 Analysis of phosphite induced expression variation in quantitative trait 








5.2.4.2 Hierarchal cluster analysis of Phi induced variation in gene expression  
Differences	in	gene	expression	between	treatments	or	accessions	were	determined	
as	 described	 in	 4.2.5.3	 using	 hierarchal	 clustering	 of	 Euclidean	 distance	 and	




5.2.5 Statistical analysis 
Significance	of	variation	between	the	sample	groups	 from	different	accessions	or	
treatments	 were	 determined	 by	 analysis	 of	 variance	 (ANOVA)	 and	 statistical	
significance	 was	 set	 at	 P≤0.05.	 To	 simultaneously	 compare	 possible	 differences	
between	multiple	 Arabidopsis	 lines	 (accessions	 or	 RIL)	 as	 well	 as	 the	 effects	 of	
different	 growth	 conditions	 all	 samples	were	 analysed	 by	 Two	Way	 ANOVA.	 To	
separate	significant	means	 following	the	Two-Way	ANOVA,	a	post-hoc	Tukey	test	
was	performed	(SigmaPlot	v	13.0,	Systat	Software	Inc.	San	Jose,	U.S.A.).	Comparison	





5.3.1 Root growth analysis of A. thaliana recombinant inbred line 






22,	 24,	 62	 and	 66	 were	 significantly	 (P<0.01;	 except	 line	 24	 vs	 Col-0,	 P=0.017)	
shorter	than	either	of	the	parental	lines	(Figure	5.1).	With	Phi-treatment,	primary	
root	length	(PRL)	of	Bur-0	was	significantly	(P<0.05)	longer	than	Col-0	and	lines	15,	




Figure 5.1 Comparison of primary root length in control (0.5mM Pi) and Phi (0.1/0.4mM 
Pi/Phi) treatment conditions after 12d between 20 lines from the A. thaliana Bur-0 x Col-0 
recombinant inbred line core population, plus the parental lines Bur-0 and Col-0, known 
to show large variation in response to Phi. Bars represent standard errors of the mean 
(number of seedlings analysed per accession and treatment n=8).  








Figure 5.2 Comparison of average primary root length in Phi (0.1/0.4mM Pi/Phi) 
treatment conditions as a percentage of the control (0.5mM Pi, =100%, represented by 
dotted line) after 12d between 20 lines from the A. thaliana Bur-0 x Col-0 recombinant 
inbred line core population, plus the parental lines Bur-0 and Col-0, known to show large 
variation to Phi. Bars represent standard errors of the mean (number of seedlings 
analysed per accession and treatment n=8). No line was significantly longer than Bur-0.  







varied.	 In	Chapter	4,	Col-0	N1093	was	used,	while	 in	 the	current	experiment	the	









Figure 5.3 Comparison of average primary root length in Phi (0.1/0.4mM Pi/Phi) 
treatment conditions as a percentage of the control (0.5mM Pi, represented by dotted 
line 100%) after 12d of A. thaliana accessions Bur-0 and Col-0, between seed sources 
from the Bur-0 x Col-0 RIL population provider (RIL [N1028, N1092]) and seed sources 
used in Chapters 3 and Chapter 4 (Ch. 4 [N1028, N1093]). Bars represent standard errors 
of the mean (number of seedlings analysed per accession and treatment n=8).  
By	comparing	the	relative	reduction	 in	PRL	for	 the	two	parental	accessions	 from	
each	 RIL	 population	 test	 group	 (A,	 B,	 C,	 D,	 E,	 F,	 G,	 H,	 I	 and	 J)	 of	 18	 RIL’s	 the	




was	8.0%	higher	and	 therefore	opposite	 to	Bur-0,	 and	group	 I	 in	Col	was	10.9%	
higher	and	similar	to	Bur-0	in	group	I.	The	largest	deviation	from	the	average	was	
found	in	group	F	for	Col-0	with	27.0%	lower	PRL	than	the	average.	As	the	relative	



































Figure 5.4 Comparison of average primary root length in Phi (0.1/0.4mM Pi/Phi) 
treatment conditions compared to control (0.5mM Pi, represented by dotted line 100%) 
after 12d for repeats of A. thaliana accessions Bur-0 [N1028] and Col-0 [N1092], each set 
per group was analysed in conjunction with 18 recombinant inbred lines as reference. As 
a reference, Bur-0 and Col-0 data from Chapter 4 was used (Ch. 4 Bur-0 [N1028], Col-0 
[N1093]). Bars represent standard errors of the mean (number of seedlings analysed per 
treatment and accession n=8). Dotted and dashed line represents the average of Bur-0 
samples (groups A-J, n=6-8) and dashed line represents the average mean of Col-0 
samples (groups A-J, n=7-8). 


































RIL screen group s of A. thaliana accession











Figure 5.5 Comparison of average primary root length in Phi (0.1/0.4mM Pi/Phi) treatment conditions as a percentage of control (0.5mM Pi, represented 
by the dotted line 100%) for 163 lines of the RIL core population A) lines 7-188, B) 189-353, and C) 354-534 each with the parental lines of Bur-0 x Col-0 





Figure 5.6 Root development of 12 day old eight seedlings for the parental lines (Bur-0, Col-0) following control (0.5mM Pi) and phosphite (0.01/0.4mM 
Pi/Phi) treatments compared to representative examples of the shortest (line 22) and longest (line 473) RIL lines in regards to absolute root length. 
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was	 reduced	 to	 ca.	 87%	of	 the	 control.	 Extreme	 values	 for	 lateral	 root	 numbers	
ranged	from	over	300%	increase	from	control	for	example	in	lines	26,	189	or	354	to	
just	below	25%	in	line	355	(Figure	5.7).	Similarly,	to	the	measurements	of	PRL	the	





















Figure 5.7 Comparison of average lateral root number in Phi (0.1/0.4mM Pi/Phi) treatment conditions as a percentage of the control (0.5mM Pi) for 163 
lines of the RIL core population A) lines 7-188, B) 189-353, and C) 354-534 each with the parental lines of Bur-0 x Col-0. Bars represent standard errors of 











Figure 5.8 Comparison of average lateral root density in Phi (0.1/0.4mM Pi/Phi) treatment conditions as a percentage of the control (0.5mM Pi) for 163 
lines of the core RIL population A) lines 7-188, B) 189-353, and C) 354-534 each with the parental lines of Bur-0 x Col-0. Bars represent standard errors of 




5.3.2 Analysis of quantitative trait loci in recombinant inbred line 
population ofA. thaliana accessions (Bur-0 x Col-0) 
Using	 QTL	 IciMapping	 software,	 the	 phenotypic	 data	 presented	 in	 4.3.1	 were	
correlated	to	the	data	of	87	genetic	markers	in	the	163	of	the	original	164	RIL	and	
compared	to	the	parental	lines.		
5.3.2.1 Analysis of quantitative trait loci for phosphite induced changes in 
primary root length of A. thaliana accessions (Bur-0 x Col-0) 
The	identified	QTL	for	the	changes	in	primary	root	length	after	treatment	with	Phi	
were	predominantly	located	on	chromosome	1.	The	strongest	peak,	measured	as	the	





chromosome	 1	 were	 highly	 significant	 (P<0.01).	 QTL-5	 with	 a	 score	 of	 2.43	 on	
chromosome	3	and	QTL-6	with	a	score	of	2.74	on	chromosome	4	were	considered	




Figure 5.9 Quantitative trait loci, determined by the logarithm of odds (LOD), for 
phosphite induced change in primary root length (PRL) in Bur-0 x Col-0 recombinant 
inbred line population (163 lines) of A. thaliana. Red rhombi represent molecular marker 
locations. All LOD peaks were statistically (1000 permutations, P≤0.05) significant, 
whereas peaks on chromosome 1 were highly significant (P≤0.01). 
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5.3.2.2 Analysis of quantitative trait loci for phosphite induced changes in 








Figure 5.10 Quantitative trait loci, determined by the logarithm of odds (LOD), for 
changes in lateral root number (LRN) and lateral root density (LRD) in Bur-0 x Col-0 
recombinant inbred line population (163 lines) of A. thaliana in response to phosphite 
treatment. Red rhombi represent molecular marker locations. Main LOD peak [1] and [2] 
for LRD were highly significant as they exceeded the threshold of 3.06 (1000 
permutations, P≤0.01), whereas LRD peak [3] was significant (P≤0.05), by exceeding the 
threshold of 2.41. LRN was also highly significant for peak [1], but not for peak [2] or [3].  
The	changes	in	lateral	root	density	(LRD)	can	be	correlated	to	three	peaks	which	
together	account	 for	close	to	30%	of	 the	phenotypic	variation	 in	response	to	Phi	
treatment.	The	two	highly	significant	(P<0.01)	major	peaks	(peak	1	and	2,	Figure	
5.10)	 co-locate	 with	 the	 main	 PRL	 peaks	 1	 and	 2	 (Figure	 5.9),	 whilst	 a	 third	









5.3.3 Candidate gene selection 
The	regions	of	QTL-1	and	QTL-2	between	the	molecular	markers	bordering	the	QTL	





region,	 outside	 the	 flanking	 molecular	 markers,	 to	 include	 known	 PSR	 genes	
suggested	 to	 be	 responsive	 to	 Pi	 and	 Phi	 (i.e.	 MYB62,	 NMT3,	 PHT1;9	 etc.).	 For	
detailed	 information	 on	 marker	 locations	 on	 the	 genome,	 please	 refer	 to	 the	
population	website	(http://publiclines.versailles.inra.fr/page/20).	






be	 affected	 by	 PSR	 and	 root	 development	 were	 also	 included.	 The	 14	 data	 sets	
originated	from	five	studies	(Table	5.1).	
A	pre-selection	of	possible	gene	candidates	underlying	the	observed	responses	to	
Phi	 treatments	within	 the	 identified	QTL	was	made	based	on	differences	 in	gene	
expression	 on	 Pi	 limited	 and	 control	 medium	 or	 in	 response	 to	 changes	 in	 Pi	
availability.	 The	 selection	 process	 utilised	 the	 TAIR10	 and	 Araport11-gene	
annotations	 and	 functional	 descriptions	 (The	Arabidopsis	 Information	 Resource,	
www.arabidopsis.org;	Arabidopsis	Information	Portal,	www.araport.org)	as	well	as	
Genevestigator	 perturbation	 analysis	 for	 individual	 genes.	 Genes	 between	 the	
molecular	markers	defining	QTL-1	and	QTL-2	were	analysed	for	their	response	to	
Pi	treatment	and	compared	using	Genevestigator’s	perturbation	function,	selecting	





Table 5.1 List of 14 data sets used in the perturbation analysis by GenevestigatorTM, listed as data sets (DS), for Pi responsive Arabidopsis plants including 
reference publication and Gene expression Omnibus (GEO) database entry numbers. 
DS 






Experiment ID / 




Gene Expression Omnibus 
link 
1 
P deficiency (late) / high Pi treated 
whole plant samples (late) 
hydroponic 0.005mM vs 1mM Hydroponics flowering stage 
AT-00122 / 
GSE74856 





P deficiency study 2 (leaf) / Pi 
supplemented leaf samples 
plate solid  
5µM vs 500µM in control, 10d vertically grown MS 
12x12cm 
3 
P deficiency study 2 (root) / Pi 
supplemented root samples 
plate solid 
5µM vs 500µM in control, 10d vertically grown MS 
12x12cm 
4 
P deficiency study 4 (root) / mock 
treated Col-0 root samples 
hydroponic 
20d MGRL medium (1.75mM NaPO4) transfer to -P 
(1.75mM MES) for 10d (control in 1.75mM Pi) 
AT-00519 / 
GSE33790 





P deficiency study 4 (shoot) / mock 
treated Col-0 shoot samples 
hydroponic 
20d MGRL medium (1.75mM NaPO4) transfer to -P 
(1.75mM MES) for 10d (control in 1.75mM Pi) 
6 
P deficiency / P repletion (root) / mock 
treated Col-0 root samples 
hydroponic 
20d MGRL medium (1.75mM NaPO4) transfer to -P 
(1.75mM MES) for 10d (control in 1.75mM Pi), transfer 
again to 1.75mM Pi for 10d (resupply). 
7 
P deficiency / P repletion (shoot) / 
mock treated Col-0 shoot samples 
hydroponic 
20d MGRL medium (1.75mM NaPO4) transfer to -P 
(1.75mM MES) for 10d (control in 1.75mM Pi), transfer 
again to 1.75mM Pi for 10d (resupply). 
8 
P deficiency study 3 (Col-0) / untreated 
root samples (Col-0) 
plate solid 
10d control media, -Pi medium for 10h (+Pi for control) 
before measurement of root tissue 
AT-00336 / 
GSE15649 














Experiment ID / 




Gene Expression Omnibus 
link 
9 
P deficiency study 5 (0h) / mock 
treated root samples (0h) 
hydroponic 
30d 1.25mM Pi, washed, transfer to -Pi. Immediate harvest 
0h (control in full +Pi) (300µmol m-2 s-1) 
AT-00524 / 
GSE25171 





P deficiency study 5 (1h) / mock 
treated root samples (1h) 
hydroponic 
30d 1.25mM Pi, washed, transfer to -Pi. harvest 1h (control 
in full +Pi) (300µmol m-2 s-1) 
11 
P deficiency study 5 (6h) / mock 
treated root samples (6h) 
hydroponic 
30d 1.25mM Pi, washed, transfer to -Pi. harvest 6h (control 
in full +Pi) (300µmol m-2 s-1) 
12 
P deficiency study 5 (24h) / mock 
treated root samples (24h) 
hydroponic 
30d 1.25mM Pi, washed, transfer to -Pi. harvest 24h 
(control in full +Pi) (300µmol m-2 s-1) 
13 
Shift 5µM Pi to 30µM Pi / P deficiency 
study 6 (5µM Pi) 
plate solid 
7d solid Johnson medium 1mM Pi, transfer to very low 5µM 
Pi solid Johnson 2d, transfer to liquid Johnson 30µM Pi for 
8h before harvest, control remains on 5µM Pi liquid 
Johnson, 16h light period AT-00692 / 
GSE49037 






Shift 5µM Pi to 1mM Pi / P deficiency 
study 6 (5µM Pi) 
plate solid 
7d solid Johnson medium 1mM Pi, transfer to very low 5µM 
Pi solid Johnson 2d, transfer to liquid Johnson 1mM Pi for 
8h before harvest, control remains on 5µM Pi liquid 




































Figure 5.11 Heat map showing hierarchical cluster analysis of QTL-1 candidate genes, shown to respond 2-fold or higher (P≤0.05) to Pi deprivation or 
resupply selected from Genevestigator perturbation analysis of 14 cluster analysis data sets. Colouration of the boxes indicate the fold change induction 
[red] or inhibition [blue] of the genes compared to the individual control conditions. Genes are grouped based on strong induction in response to lack of 
Pi [1], expression inhibition by Pi deprivation [2], medium inhibition by Pi starvation [3]. An alternative cluster [4] (black frame) includes genes induced 1h, 
6h or 24h after a shift from Pi sufficiency to deprivation. Details of growth conditions and source references of the 14 sets are described in Table 5.1.
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For	QTL-2,	 the	 second	 largest	QTL,	 a	 total	of	30	 genes	 that	 showed	 a	 significant	
(P<0.05)	and	in	excess	of	2-fold	induction	or	inhibition	response	to	changes	in	Pi	
availability	 were	 analysed	 (Figure	 5.12).	 The	 first	 cluster	 for	 QTL-2	 showed	 a	



























Figure 5.12 Heat map showing hierarchical cluster analysis of QTL-2 candidate genes, 
shown to respond 2-fold or higher (P≤0.05) to Pi deprivation or resupply as selected from 
Genevestigator perturbation analysis of 14 cluster analysis data sets. Colouration of the 
boxes indicate the fold change induction [red] or inhibition [blue] of the genes, compared 
to the individual control conditions. Genes are grouped based on induction in response 
to lack of Pi in plant shoots [1], induction in shoot and root of Pi-deprived plants, as well 
as after a shift from Pi sufficiency to deprivation [2], inhibition in Pi-deprived plants [3], 
and a fourth category including genes that are induced 1h, 6h or 24 h after a shift from Pi 
sufficiency to deprivation [4] (black frame). Details of growth conditions and source 




5.3.3.1 Selection of candidate genes for gene expression analysis. 
Of	the	Pi	responsive	candidate	genes	collated	in	Figure	5.13	and	Figure	5.14	ten	of	
the	genes	most	likely	to	respond	to	Phi	and	therefore	directly	correlate	to	the	QTL	
were	 selected	 based	 on	 their	 proximity	 to	 the	 highly	 significant	 (P≤0.01)	
quantitative	trait	loci	on	chromosome	1	and	to	their	known	involvement	during	Pi	
starvation	 or	 their	 expression	 in	 response	 to	 pathogen	 defence.	 Shortlisted	










For	QTL-1,	 PHO1;H10	 and	 LPR2	 located	 inside	 the	marked	 boarders	were	 given	
particular	 interest	 in	 the	 current	 study,	 based	 on	 their	 reported	 responses	 to	
phosphate	starvation	and	root	meristem	development	in	PSR	(Reymond	et	al.,	2006;	
Stefanovic	et	al.,	2007).	In	addition,	GASA1	and	MYB62	flanking	the	QTL-1	markers	
(Figure	 5.13)	 were	 selected.	 PHT1;9	 was	 also	 included,	 as	 it	 is	 involved	 in	 the	
loading	of	Pi	in	the	root	for	its	designated	transport	to	the	shoot	(Lapis-Gaza	et	al.,	
2014).	Furthermore,	due	to	the	close	interaction	of	PHT1;9	and	PHT1;8	as	reported	






Figure 5.13 Candidate genes with likely phosphite sensitivity in proximity to the highly 
significant (P≤0.01) quantitative trait loci (1-4) on chromosome 1 of A. thaliana. Shown is 
a stylised chromosome, with the logarithm of odds (LOD) score peaks of primary root 
length (PRL), lateral root density (LRD) and lateral root density (LRN) to the right. QTL are 
indicated by a coloured bar in corresponding colours. Candidate genes within the 
borders of the molecular markers (solid lines) are listed by gene name and Arabidopsis 
gene identifier (AGI) to the left. Genes within dotted borders are flanking the QTL 
markers.  
For	QTL-2,	 the	known	PSR	genes	miR399b,	PHT5;1	and	WRKY6	were	selected	as	
candidates.	 GPT2,	 which	 has	 not	 been	 frequently	 tested	 or	 reported	 as	 a	 PSR	
indicator,	is	not	only	sensitive	to	changes	in	Pi	supply	but	is	also	strongly	induced	in	
response	 to	 Pseudomonas	 syringae	 according	 to	 Genevestigator	 and	 was	 also	
selected	for	further	study.		
Although	 no	 candidates	 were	 identified	 between	 the	 QTL-3	 flanking	 markers	
c1_02992	and	c1_04176,	potential	candidates	were	detected	outside	these	flanking	










pathogen	 defence	 with	 variations	 in	 expression	 between	 different	 accessions	
(Chapter	 4)	 and	 was	 therefore	 not	 investigated	 further	 in	 favour	 of	 untested	














 Figure 5.14 Candidate genes with likely phosphite sensitivity in proximity to significant 
(P≤0.05) quantitative trait loci on chromosome 3 (QTL-5) and chromosome 4 (QTL-6) of 
A. thaliana. Shown are stylised chromosomes, with the logarithm of odds (LOD) score 
peaks of primary root length (PRL), lateral root density (LRD) and lateral root density 
(LRN) to the right. QTL are indicated by a coloured bar in corresponding colours. 
Candidate genes within the borders of the molecular markers are listed by gene name 





Table 5.2 List of chosen and analysed phosphite induced QTL candidate genes  
Abbreviations are given for Arabidopsis Gene Identifier (AGI)  
Name AGI Full or alternative name Function description (amended from TAIR 10) Reference 
GASA1 AT1G75750 GAST1 PROTEIN HOMOLOG 1 
Gibberellic acid-responsive GAST1 protein homolog 1 antagonistically regulated by 
brassinosteroid and gibberellic acid. Possibly involved in cell elongation based on expression 
data 
Abercrombie et al. (2008); 





Glucose-6-Phosphate/phosphate transporter 2 facilitates transport of glucose-6-phosphate 
across the chloroplast membrane envelope. Expression induced during sugar and starch 
accumulation. Pi supply inhibits expression 
Morcuende et al. (2007); 
Müller et al. (2007) 
LPR2 AT1G71040 LOW PHOSPHATE ROOT2 
LPR2 protein, epistatic to LPR1 (AT1G23010) function together with P5-type ATPase 
(AT5G23630/PDR2) in a common pathway that adjusts root meristem activity to Pi 
availability. Expression inhibited by PDR2 
Reymond et al. (2006); 
Svistoonoff et al. (2007); 
Wang et al. (2010a) 
miR399b AT1G63005 MICRORNA399B 
Encodes a phosphate starvation-responsive microRNA that targets PHO2, an E2-UBC that 
negatively affects shoot phosphate content. miR399 can be negatively regulated by members 
of the non-coding gene families IPS1 and At4. MicroRNAs are regulatory RNAs with a mature 
length of ~21-nucleotides that are processed from hairpin precursors by Dicer-like enzymes. 
MicroRNAs can negatively regulate gene expression by attenuating translation or by directing 
mRNA cleavage. Mature sequence: CCUGCCAAAGGAGAGUUGCCC. ACR4 a regulator of 
formative root cell division is a putative target.  
Chiou et al. (2006); Hsieh et 
al. (2009); Pant et al. (2009) 
MYB62 AT1G68320 MYB DOMAIN PROTEIN 62 
Putative transcription factor: R2R3-MYB transcription family. Involved in regulation of 
phosphate starvation responses and gibberellic acid biosynthesis. 
Jiang et al. (2007); Devaiah 
et al. (2009) 
PHO1;H10 AT1G69480 PHO1;H10 
EXS (ERD1/XPR1/SYG1) family protein with PHR1 binding site. Expression of AtPHO1;H10 is 
strongly induced following numerous abiotic and biotic stresses, including wounding, 
dehydration, cold, salt, and pathogen attack. Expression is inducible by application of the 
jasmonic acid (JA) precursor 12-oxo-phytodienoic acid (OPDA), but not by JA or coronatine. 
Distinct induction of expression by exogenous abscisic acid (ABA) is independent of the 
presence of either OPDA or COI1, but strongly decreased in the ABA-insensitive mutant abi1-
1. The involvement of the ABA pathway in regulating AtPHO1; H10 is distinct between 
wounding and dehydration. PHO1;H10 shows distinct difference in expression compared to 
paralogs PHO1 and PHO1;H1, particularly by the weaker response to Phi. 
Wang et al. (2004) 
Stefanovic et al. (2007); 




Name AGI Full or alternative name Function description (amended from TAIR 10) Reference 
PHT1;8 AT1G20860 PHOSPHATE TRANSPORTER 1;8 Encodes PHT1;8, a member of the Pht1 family of phosphate transporters 
Thibaud et al. (2010)  
Lapis-Gaza et al. (2014) 
PHT1;9 AT1G76430 PHOSPHATE TRANSPORTER 1;9 Encodes PHT1;9, a member of the Pht1 family of phosphate transporters Lapis-Gaza et al. (2014) 
PHT5;1 AT1G63010 
VASCUOLAR PHOSPHATE 
TRANSPORTER 1 (alt. VPT1) 
Major Facilitator Superfamily with SPX (SYG1/Pho81/XPR1) domain-containing protein; 
INVOLVED IN: transmembrane transport; LOCATED IN: vacuolar membrane; EXPRESSED IN: 
24 plant structures; EXPRESSED DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: 
SPX, N-terminal (InterPro:IPR004331), Major facilitator superfamily MFS-1 
(InterPro:IPR011701) (SPX-MFS1). Major facilitator superfamily, general substrate transporter 
(InterPro:IPR016196). Identified as one of three vacuolar phosphate transporters.  
Hsieh et al. (2009); Pant et 
al. (2009); Liu et al. (2015); 
Liu et al. (2016) 
WRKY6 AT1G62300 WRKY DNA-BINDING PROTEIN 6 
Encodes a transcription factor WRKY6. Regulates Phosphate 1 (PHO1) expression by binding 
to W-Box motif of the PHO1 promoter in response to low phosphate (Pi) stress modulating 
the xylem loading of Pi. 











by	 analysing	 the	 Phi	 induced	 changes	 in	 PRL	 (5.3.2.1).	 Furthermore,	 strong	
association	with	 PSR	 or	 pathogen	 defence,	which	 had	 not	 been	 analysed	 for	 the	
response	to	Phi	in	Chapter	4	were	prerequisites	for	the	chosen	candidates.		
5.3.4.1 Expression analysis of ten QTL candidate genes in accessions Bur-0 
and Col-0 following sustained Phi treatment 
In	GASA1,	transcript	abundance	in	control	conditions	was	3.8-fold	lower	in	Bur-0	
(P<0.01)	 from	 Col-0	 but	 did	 not	 differ	 between	 accessions	 in	 Phi	 treatment	
(P=0.203).	Phi-treatment	in	Bur-0	reduced	expression	by	1.5-fold	(P<0.05),	whereas	





1.27-fold	 (P<0.05)	 inhibition	by	Phi	 in	Col-0	with	no	observed	changes	 in	Bur-0,	
illustrating	again	the	general	difference	in	response	to	Phi	for	PHT5;1	(Figure	5.15).	
For	MYB62	expression	in	Bur-0	did	not	respond	to	Phi	treatment,	but	the	significant	
(P<0.05)	 1.73-fold	 lower	 expression	 in	 Col-0	 from	 Bur-0	 in	 control	 conditions	
together	with	a	2.14-fold	induction	of	MYB62	in	Col-0	(P<0.01)	by	Phi	showed	an	
overall	 difference	 between	 Col-0	 and	 Bur-0.	 For	 the	 phosphate	 transporter	











treatment,	 whereas	 in	 Bur-0	 Phi	 induced	 expression	 by	 1.29-fold	 (P=0.759).	
Although	these	responses	were	not	significant	(P≥0.194),	PHT1;8,	PHT1;9	and	the	
micro	RNA	miR399b	are	known	 to	be	 involved	 in	 the	 regulation	of	Pi-uptake	by	
PHT1	family	members,	and	all	showed	a	similar	pattern	in	response	to	Phi	treatment.		
In	 contrast	 to	 the	 above	 genes,	which	 primarily	 show	 variation	 of	 expression	 in	
control	conditions	between	the	accessions,	four	of	the	candidate	genes	(LPR2,	GPT2,	




not	 vary,	 expression	 levels	 in	 treated	 Bur-0	 were	 2.26-fold	 lower	 than	 Col-0	
(P<0.01).	For	WRKY6	there	was	no	significant	difference	between	Col-0	and	Bur-0	
in	control	conditions.	In	response	to	Phi	treatment	WRKY6	in	Col-0	plants	did	not	
respond,	but	 in	Bur-0	 its	expression	was	significantly	(P<0.01)	 inhibited	by	2.75-
fold,	resulting	in	a	2.28-fold	lower	expression	in	Bur-0	compared	to	Col-0.	An	even	
stronger	Phi	dependent	expression	 induction	by	7.9-fold	 (P<0.01)	was	 found	 for	
GPT2	 in	 Col-0.	 Control	 values	 of	 GPT2	between	 accessions	 did	 not	 vary,	 but	 the	
expression	 in	Bur-0	was	 inhibited	 by	 Phi	 by	 3.36-fold	 (P=0.128).	 Comparing	 the	
expression	 levels	 in	 Phi	 treated	 Bur-0	 and	 Col-0,	 there	 was	 a	 highly	 significant	
(P<0.01)	lower	(14.25-fold)	expression	in	Bur-0.	The	same	trend	was	also	seen	for	
PHO1;H10,	 although	 in	 addition	 to	 the	 equal	 control	 values	 as	 seen	 in	 GPT2,	
transcript	abundance	in	Col-0	control	was	significantly	(P<0.01)	lower	by	4.05-fold	
than	 Bur-0;	 whilst	 in	 Phi	 treated	 plants	 expression	 in	 Col-0	 was	 significantly	







Figure 5.15 Relative transcript abundance (40-ΔCt) for ten QTL candidate genes of Col-0 and Bur-0 A. thaliana in response to continuous phosphite 
treatment after 34 days (number of analysed plant samples, Col-0 n=5, except for PHO1;H10 n=4, Bur-0 n=6). Statistical significance (P≤0.05) determined 
by Two Way ANOVA analysis including post hoc Tukey test, is indicated by letters and labels where significant (P≤0.05) differences occur. 
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5.3.4.2 Cluster analysis of QTL candidate genes in RIL population parental 





In	addition	 to	 the	 ten	QTL	 identified	Phi	 responsive	 candidate	genes	 the	25	PSR,	
general	 stress,	 defence	 response	 and	 nutrient	 deficiency	 genes	 analysed	 in	
Chapter	4	(4.3.4.2)	were	included	in	the	analysis.	Of	the	ten	candidates,	PHO1;H10,	
GPT2	together	with	the	pathogen	defence	gene	PR1	were	strongly	induced	by	Phi	in	
Col-0,	 but	 inhibited	 in	 Bur-0	 (Figure	 5.16A).	 In	 addition	 to	 these	 three	 genes,	
candidates	 LPR2	 and	 MYB62	 together	 with	 NMT3	 responded	 similarly,	 yet	 at	 a	
lesser	intensity,	while	all	of	them	were	induced	significantly	(P<0.05)	in	Col-0,	but	
only	the	inhibition	of	PHO1;H10	was	significant	(P<0.05).	For	details	on	statistical	













Figure 5.16 Hierarchal cluster analysis of transcript abundance in 34d old A. thaliana 
shoots, comparing the average response to phosphite (Phi) treatment in Col-0 (number 
of analysed plant samples n=4-6; except VSP2=5-3, PHT1;5&PHT1;7=4-3) and Bur-0 (n=4-
6; except ANR1=4-2) for ten QTL candidate genes ( * ) and 25 genes known to be related 
to phosphate starvation, general stress, pathogen defence response or other nutrient 
deficiencies. Raw data were normalised against A. thaliana genes PP2AA3 and UPL7. 
Changes in expression ratios from control to Phi treated plants (A) are shown as the 
mean (-ΔΔCt). All QTL candidate genes are either only responsive in one of the 
accessions or are regulated oppositely between Col-0 and Bur-0 (A). Variation of relative 
expression between Col-0 as reference to Bur-0 in identical growth conditions was 
performed for the control and Phi treatments (B), where in 50% of the candidate genes, 
expression in control and Phi treatment was lower in Bur-0, while the remaining five 
candidates were expressed higher in Bur-0 plants than Col-0 in control, but transcript 
abundance in Phi treated Bur-0 was lower than in the comparative Col-0 plants.  






treatment,	 including	 the	 candidates	MYB62,	 PHO1;H10,	WRKY6,	 LPR2	 and	GPT2	
(Figure	 5.16B).	 Strongest	 differences	 between	 accessions	 were	 evident	 for	
PHO1;H10	and	GPT2,	although	differences	were	highly	similar	in	PR1	and	IAA5	as	
well.	 For	 the	 remaining	 20	 analysed	 genes	 expression	 was	 lower	 in	 Bur-0	




In	summary,	 the	gene	expression	analysis	was	able	 to	confirm	that	 the	 identified	






At	 the	 start	 of	 this	 project	 in	 2010	 the	 use	 of	 genome-wide	 association	 studies	
(GWAS)	 was	 not	 available	 and	 QTL	 mapping	 was	 regularly	 used	 to	 identify	
individual	 genetic	 factors	 influencing	 the	 values	 of	 a	 quantitative	 trait	 and	






root	 length	 is	 regulated	 by	multiple	 factors	 and	 the	 overlap	 and	 interference	 of	
different	 genes	 may	 occur,	 the	 evidence	 presented	 in	 Chapter	 3	 and	 Chapter	 4	
showed	the	reliability	of	primary	root	length	as	a	suitable	trait	to	investigate	the	PSR	




the	 exception	 of	 GASA1	 all	 candidates	 showed	 an	 opposing	 response	 to	 Phi	
treatment	 in	 Col-0	 and	 Bur-0.	 Moreover,	 the	 study	 successfully	 showed	 that	
opposing	responses	in	the	phenotypic	observations	correlate	with	the	underlying	
genetic	responses.		
The	 phenotypic	 observations	 made	 in	 Chapter	 4	 were	 shown	 to	 correlate	 with	
differences	 in	 expression	 levels	 in	 control	 and	 Phi	 treatment	 conditions	 in	 the	
current	chapter.	Some	genes	were	expected	to	vary	in	how	strongly	their	expression	
would	 alter	 in	 response	 to	 Phi	 treatment	 between	 accessions.	 The	 observed	
phenotypic	variation	in	control	conditions	furthermore	correlated	to	differences	in	
expression	levels	between	accessions.		
Why	does	Phi	 treatment	result	 in	different	expression	 levels	between	accessions,	
and	what	kind	of	benefit	could	this	offer?	If	the	differences	between	accessions	are	
the	result	of	an	adaptation	to	the	local	environment,	they	must	either	be	manifested	






be	 variation	 in	 constitutive	 gene	 expression	 between	 accessions,	 particularly	 of	
transcription	factors	(West	et	al.,	2007;	Gan	et	al.,	2011;	Zhang	et	al.,	2011b).	
The	results	in	this	study	indicate	that	the	strongest	opposing	response	(induction	in	





PHO1	 does	 not	 respond	 to	 Phi	 treatment,	 but	 that	 a	 knock	 out	 in	 PHO1	
compromising	Pi	transport	was	compensated	for	by	PHO1;H1	and	not	by	PHO1;H10.	
Moreover,	 PHO1;H10	 expression	 has	 been	 reported	 in	 the	 cortical	 layers	 of	
Arabidopsis	roots	(Ribot	et	al.,	2008b),	in	contrast	to	its	paralogs	PHO1	and	PHO1;H1	
that	are	predominantly	expressed	in	the	vascular	root	cells	(Wang	et	al.,	2004).	As	
PHO1;H1	appears	 responsive	 to	Phi	 and	 regulation	by	PHR1,	unlike	PHO1	which	
responds	to	neither	(Stefanovic	et	al.,	2007),	the	differences	in	response	to	known	









for	 PHO1;H10.	 GPT2	 has	 been	 shown	 to	 regulate	 cell	 proliferation	 in	 a	 sucrose-





factor.	 Moreover,	 the	 expression	 of	 MYB62	 during	 PSR	 coincides	 with	 the	
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accumulation	of	 starch	 and	 sugars	 (Morcuende	 et	 al.,	 2007;	Müller	 et	 al.,	 2007).	






controlling	 those	 genes?	 Therefore,	 this	 study	 focused	 on	 the	 PHO1	 regulating	
WRKY6	and	MYB62	together	with	the	second	GA	associated	candidate	GASA1.		
WRKY	 proteins	 are	 plant-specific	 transcription	 factors	 encoded	 by	 a	 multigene	
family	for	which	many	have	been	found	to	play	important	roles	in	plant	responses	
to	biotic	and	abiotic	stresses	(Chen	et	al.,	2009).	More	specifically,	WRKY6	has	been	




same	general	 response	pattern	of	other	PSR	genes	 in	 response	 to	Phi.	Moreover,	
previous	studies	indicate	that	a	decrease	in	WRKY6	expression	is	expected	to	lead	
to	an	 increase	 in	PHO1	expression	(Chen	et	al.,	2009).	However,	despite	a	strong	






in	previous	 reports	plants	were	analysed	after	only	14d.	Moreover,	 as	 long-term	




during	 sugar	 or	 starch	 accumulation	 (Devaiah	 et	 al.,	 2009).	 By	 converting	
intermediates	 of	 the	 sugar-synthesis	 pathway,	 temporarily	 bound	 Pi	 is	





to	Bur-0	where	MYB62	expression	 is	 inhibited	 in	 the	presence	of	Phi,	 leading	 to	




inhibit	 all	 five	 GA	 synthesis	 genes	 (Devaiah	 et	 al.,	 2009),	 therefore,	 the	 GAST1	





a	 stronger	 inhibition	 of	 GASA1	 in	 Col-0,	 which	 had	 a	 significantly	 longer	 root	
phenotype	than	Bur-0.	Without	verifying	if	cell	lengths	in	roots	differ	between	Bur-0	
and	 Col-0	 or	 whether	 Phi	 induced	 GASA1	 expression	 reduces	 cell	 elongation	 as	
suggested	by	Tong	et	al.	(2014),	the	function	of	GASA1	during	PSR	remains	unclear.	
Also	in	relation	to	the	differences	in	root	phenotype,	Low	Phosphate	Root	2	(LPR2),	
the	 epistatic	 paralog	 to	 the	 dominant	 LPR1	 (AT1G23010)	 gene	 (Reymond	 et	 al.,	
2006),	has	been	shown	to	regulate	the	inhibition	of	primary	root	elongation	in	a	Pi-


















chapter	 investigated	which	 of	 the	 ten	 selected	 candidate	 genes	 have	 a	 potential	
sensing	role	in	the	shoot.	PHT5;1	was	first	described	as	a	member	of	the	SPX-Major	
Facility	Superfamily	(MFS)	with	an	SPX-domain	before	it	was	identified	as	a	Vacuole	
Phosphate	 Transporter	 1	 (VPT1)	 by	 Liu	 et	 al.	 (2015).	Most	 recently	 it	 has	 been	
identified	as	one	of	three	low-affinity	phosphate	transporters	(PHT5;1,	PHT5;2	and	
PHT5;3)	 that	 transfer	phosphate	or	possibly	phosphite	 from	 the	 cytosol	 into	 the	
vacuole	 (Bucher	 and	 Fabiańska,	 2016;	 Liu	 et	 al.,	 2016).	 In	 this	 chapter,	 the	
expression	of	PHT5;1	(AT1G63010)	was	inhibited	significantly	by	Phi	in	Col-0	but	
was	 not	 altered	 by	 Phi	 in	Bur-0.	 PHT5;1	 shares	 strong	 similarities	 to	 other	 low-
affinity	ion	transporters,	yet	is	likely	to	have	a	stronger	affinity	to	Pi	than	other	ions	
(Liu	et	al.,	2015).	Despite	an	equimolar	concentration	of	phosphorus	in	the	control	



































The	 analysed	 changes	 of	 gene	 expression	 in	 Col-0	 strongly	 suggest	 a	 distinction	
between	Pi	as	the	metabolic	source	of	phosphorous	and	the	non-metabolic	form	of	
Phi,	which	correlated	with	the	phenotypic	observations	of	higher	fresh	weight	after	
34d	 as	 an	 indicator	 for	 better	 health.	 In	 Bur-0	 gene	 expression	 of	 phosphate	







Figure 5.17 Simplified schematic response to variation in Pi availability, [A] Pi sufficient 
control, [B] Pi deficiency, [C] Phi exposure in Col-0, and [D] Phi exposure in Bur-0. 
Transport of Pi and Phi are shown as a red line, and Pi response signalling indicated by 
dashed line for Pi usage efficiency/recycling and phosphate starvation response (PSR). 
The	data	from	the	ten	candidate	genes	match	observations	made	for	a	number	of	
general	stress,	pathogen	and	nutrient	stress	response	genes	presented	in	Chapter	4.	
This	 suggests	 that	 a	 comparison	 of	 the	 data	 sets	 from	 the	QTL	 candidate	 genes,	
together	with	phosphate	starvation	response	and	other	stress-associated	genes	of	
Chapter	4,	would	further	aid	the	identification	of	possible	primary	Phi	sensing	genes.	
Furthermore,	 it	 may	 assist	 in	 differentiating	 clusters	 of	 genes	 effected	
simultaneously	 by	 a	 single	 regulator	 in	 response	 to	 Phi,	 instead	 of	 identifying	 a	
single	gene	with	the	strongest	response	to	Phi.		





environmental	 advantage	 in	 the	 native	 environment	 of	 the	 specific	 accessions?	




































6.1 EMS mutant analysis 
The	use	of	primary	root	length	as	a	phenotypic	trait	and	the	growth	conditions	used	
in	this	study	were	suitable	as	indicated	by	the	successful	isolation	of	an	EMS	mutant	
line	with	an	alternative	 root	phenotype	 specific	 to	Phi.	Next-generation	mapping	
could	not	be	performed	possibly	due	to	a	dominant	allele	 in	Col-0	that	 interferes	
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As	 the	 mutant	 lines	 were	 predominantly	 homozygous	 in	 all	 alleles	 due	 to	 the	
repeated	selfing	by	the	manufacturer	(www.arabidopsis.com),	 it	 is	likely	 that	 the	
phenotype	related	alleles	are	also	homozygous.	Yet	even	if	one	of	the	genes	remains	
homozygous	after	 the	 first	 crossing,	 a	second	heterozygous	gene	would	 interfere	
with	the	expected	ratio	of	the	phenotype	in	the	F1	and	F2	generation	(Koornneef	et	
al.,	2004).		
The	 identification	of	 the	 causative	mutation	 in	 the	 isolated	EMS	mutant	 line	was	
hindered	by	 the	dominant	 interference	of	Col-0	alleles.	 Since	 the	phenotype	was	
stable	in	the	selfed	progeny	of	the	original	mutant	line,	an	alternative	accession	for	
the	back-cross	 to	 replace	Col-0	 can	be	 selected	 for	 the	Next-generation	mapping	
analysis.	With	 the	 increased	 availability	 of	 full	 genomic	 sequences	 for	 a	growing	









6.2 Natural genetic variation 
The	 screening	 of	 18	 A.	thaliana	 accessions	 confirmed	 general	 variation	 in	 root	
development	 between	 accessions	 in	 control	 conditions,	 and,	 more	 importantly,	
variation	in	root	traits	associated	with	the	PSR	following	Phi	treatment,	as	reported	
by	Ticconi	et	al.	(2001).	Since	the	response	to	Phi	varied	between	accessions,	the	
natural	 genetic	 variation	 in	 response	 to	 Pi	 deprivation	 between	 accessions	 as	
described	by	Narang	et	al.	(2000)	and	Koornneef	et	al.	(2004)	was	confirmed	and	
shown	to	hold	true	for	the	response	to	Phi.	Consequently,	the	present	study	is	the	
first	 to	 compare	 the	 natural	 genetic	 variation	 of	 PSR	 to	 Phi	 in	 A.	thaliana.	 By	
comparing	multiple	 accessions	 it	was	 confirmed	 that	 all	 accessions	 preferred	 to	
uptake	Pi	over	Phi	even	at	Phi	availability	ratios	as	high	as	1:9	(Pi:Phi),	similar	to	
what	has	been	shown	for	Col-0	(Pratt	et	al.,	2009).	Consequently,	this	work	extends	
observations	 in	 A.	thaliana	 beyond	 Col-0,	 which	 varies	 phenotypically	 and	
genotypically	 from	a	wide	range	of	other	accessions	(Salomé	et	al.,	2011;	Weigel,	
2012).	
The	 contrasting	 response	 to	 Phi	 between	 accessions,	 for	 which	 a	 recombinant	
inbred	line	(RIL)	population	was	available,	was	utilised	for	identifying	quantitative	
trait	 loci	(QTL).	This	approach	was	successful	and	for	 the	 first	 time	multiple	and	





While	 a	 response	 to	 Phi	was	 expected	 to	 occur	 in	 a	 range	 of	 known	 PSR	 genes,	
differences	 in	measured	 transcript	 abundance	were	 predominantly	 recorded	 for	
locally	acting	genes,	which	generally	 represent	up	 to	70%	of	 the	PSR	 responsive	
genes	 (Thibaud	 et	 al.,	 2010),	 rather	 than	 known	 PSR	 signalling	 genes	 and	
transcription	 factors.	 These	 observations	 agree	 with	 the	 reports	 of	 Ayadi	 et	 al.	
(2015).	 At	 the	 same	 time,	 it	 raised	 the	 question	whether	 the	 interaction	of	 local	
signals	 modulate	 the	 local	 and	 systemic	 responses	 to	 Phi	 or	 if	 Phi	 sensing	 and	







externally	 available	 Pi	 resources	 are	modulated	 by	 Pi	 itself,	 phytohormones	 and	
microRNA	 but	 also	 sugars,	 nitrogen	 and	 iron	 are	 known	 factors	 (Chiou	 and	 Lin,	
2011;	Lavenus	et	al.,	2013;	Zhang	et	al.,	2014;	Ristova	et	al.,	2016).	Phytohormones	
including	auxin,	cytokinin,	ethylene,	gibberellic	acid,	strigolactones	and	abscisic	acid	
are	 responsible	 for	 the	 Pi	 dependent	 modulation	 of	 root	 development	 and	 are	











That	 there	 is	 a	 link	 between	 Nitrogen	 Limitation	 Adaptation	 (NLA),	 a	 nitrogen	














deprivation	has	also	been	 shown	 to	 change	 the	 root	development	 similar	 to	PSR	
(Ristova	and	Busch,	2014).	Thibaud	et	al.	(2010)	considered	that	the	disequilibrium	







with	 symbiotic	 mycorrhiza.	 For	 a	 variety	 of	 plant	 species	 it	 is	 a	 common	 Pi	
starvation	response	to	establish	a	symbiosis	with	mycorrhiza	to	increase	Pi	uptake	
(Javot	et	al.,	2007;	Parniske,	2008).	While	A.	thaliana	is	not	known	to	associate	with	
mycorrhizal	 fungi,	 it	 was	 recently	 shown	 to	 harbour	 an	 endophytic	 fungus	
(Colletotrichum	 tofieldiae)	 performing	 a	 similar	 symbiosis-like	 function	 to	
mycorrhiza	(Hiruma	et	al.,	2016).	Although	not	investigated	in	the	current	study	it	
could	be	 interesting	 for	 further	research.	The	complexity	of	 the	PSR	regulation	 is	
clearly	 illustrated	 by	 the	 potential	 cross-influences	 of	 the	 above	mentioned	 and	












Bucher	 and	 Fabiańska,	 2016)	 across	 the	 vacuolar	 membrane	 and	 likely	 also	
transports	 Phi	 as	 shown	 for	 other	 PHT1	 family	 transporters	 (Varadarajan	 et	 al.,	
2002).	By	sequestering	the	inert	Phi	and	separating	it	from	the	cellular	processes	in	
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such	 as	 GPT2	mentioned	 above,	 has	 been	 highlighted	 by	 Bucher	 and	 Fabiańska	





any	 tested	 gene	 in	 the	 presence	 of	 Phi	was	measured	 for	 Pathogen	 Resistance1	
(PR1),	 providing	 evidence	 of	 a	 direct	 link	 between	 the	 PSR	 and	 induction	 of	
pathogen	 defence	 genes.	 Previously	 reported	 genes	 upstream	 of	 PR1,	 including	
MPK4	(Massoud	et	al.,	2012),	regulating	the	expression	of	PR1	were	not	present	in	
the	 QTL	 identified	 in	 the	 present	 work.	 Nonetheless,	 this	 underlines	 the	
appropriateness	of	Phi	as	a	chemical	 to	use	against	oomycete	pathogens	but	also	
links	the	findings	to	the	initial	outlook	of	this	study	of	better	understanding	the	link	
between	Phi	application	and	defence	 induction.	As	the	 induction	of	 the	pathogen	
defence	gene	only	occurred	in	the	faster-growing	accession	Col-0,	it	appears	logical	
to	consider	that	the	better	Pi	efficiency	observed	in	Col-0,	plays	a	crucial	role	in	the	
















improved	 pathogen	 defence	 can	 be	 further	 developed	 for	 selection	 or	 breeding	
purposes.	 More	 Pi	 efficient	 plants	 with	 better	 protection	 against	 oomycete	
pathogens	or	Pi	efficiency	could	be	chosen.	Varieties	of	native	plant	species	with	an	





of	 resistance	developing	 in	 the	pathogens	 (Brown	et	 al.,	 2004),	 as	well	 as	 longer	










advantage.	 This	 advantage	 could	 be	 further	 augmented	 by	 combining	 it	 with	












in	 cell	 numbers	 can	 also	 assist	 in	 correlating	 influences	 of	 specific	 genes	 or	











and	 shorter	 than	 34d	 in	 mature	 plants	 would	 be	 appropriate.	 The	 apparent	
preference	 to	 investigate	 responses	 in	 young	 seedlings	 instead	 of	 long-term	 Phi	
exposure	in	mature	plants	makes	a	transfer	of	knowledge	to	crops	such	as	avocado	
or	 conservations	projects	 for	 forests	 difficult.	Therefore,	 the	 inclusion	 of	mature	
plants	and	continuous	Phi	exposure	should	be	considered	more	for	future	research	
in	 Pi	 usage	 efficiency	 to	 better	 distinguish	 between	 short	 term	 and	 long-term	
responses.	With	the	fast	improvement	and	innovation	of	new	technologies	the	use	
of	genome-wide	association	studies	(GWAS)	today	offers	a	higher	resolution	down	
to	 individual	 genes	 or	 SNP	 that	 could	 accelerate	 the	 process	 of	 verifying	 the	

















Physcomitrella	 patens	 has	 been	 suggested	 to	 offer	 advantages	 for	 closer	
investigation	of	responses	to	Phi	in	individual	cell	types	(Overdijk	et	al.,	2016)	which	
could	supplement	the	information	gained	from	Arabidopsis.		
The	 work	 has	 helped	 to	 extend	 the	 horizon	 on	 the	 response	 of	 plants	 to	 Phi,	
especially	 in	regards	 to	better	understanding	Pi	homeostasis	 and	 regulation.	The	
importance	 of	 this	 is	 apparent,	 considering	 the	 evident	 shortage	 in	 natural	 Pi	
fertilisers	and	the	need	for	an	efficient	use	of	the	remaining	resources.	Moreover,	
when	 looking	 back	 to	 see	 how	Phi	 is	 linked	 to	 plant	 defence	 and	 its	 application	
against	oomycetes,	this	study	provides	new	tools	to	allow	further	investigation	into	
the	link	between	PSR	and	plant	defence	in	relation	to	Phi	treatment.	This	knowledge	
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Table A.1 Significant difference in primary root length between the outcross lines of 
B3-2 and the parental wildtype lines Col-0 and Ler in control (Pi) and Phi treatment (Phi) 
using Two Way ANOVA with post hoc Tukey test. 
Pi Plant line/accession P Value P<0.05 Phi Plant line/accession P Value P<0.05 
Ler vs. 173 <0.001 Yes 172 vs. Ler 0.015 Yes 
Ler vs. 168 <0.001 Yes 172 vs. 168 0.699 No 
Ler vs. 171 <0.001 Yes 172 vs. 170 0.722 No 
Ler vs. 169 <0.001 Yes 172 vs. 167 0.861 No 
Ler vs. 166 <0.001 Yes 172 vs. 166 0.934 No 
Ler vs. 172 <0.001 Yes 172 vs. 171 0.908 No 
Ler vs. 167 <0.001 Yes 172 vs. B3-2 0.681 No 
Ler vs. 170 <0.001 Yes 172 vs. 173 0.93 No 
Ler vs. Col-0 <0.001 Yes 172 vs. 169 0.953 No 
Ler vs. B3-2 <0.001 Yes 172 vs. Col-0 0.765 No 
B3-2 vs. 173 <0.001 Yes Col-0 vs. Ler 0.003 Yes 
B3-2 vs. 168 <0.001 Yes Col-0 vs. 168 1 No 
B3-2 vs. 171 <0.001 Yes Col-0 vs. 170 1 No 
B3-2 vs. 169 <0.001 Yes Col-0 vs. 167 1 No 
B3-2 vs. 166 <0.001 Yes Col-0 vs. 166 1 No 
B3-2 vs. 172 <0.001 Yes Col-0 vs. 171 1 No 
B3-2 vs. 167 <0.001 Yes Col-0 vs. B3-2 1 No 
B3-2 vs. 170 <0.001 Yes Col-0 vs. 173 1 No 
B3-2 vs. Col-0 0.003 Yes Col-0 vs. 169 1 No 
Col-0 vs. 173 <0.001 Yes 169 vs. Ler 0.816 No 
Col-0 vs. 168 <0.001 Yes 169 vs. 168 1 No 
Col-0 vs. 171 <0.001 Yes 169 vs. 170 1 No 
Col-0 vs. 169 0.001 Yes 169 vs. 167 1 No 
Col-0 vs. 166 0.007 Yes 169 vs. 166 1 No 
Col-0 vs. 172 0.014 Yes 169 vs. 171 1 No 
Col-0 vs. 167 0.031 Yes 169 vs. B3-2 1 No 
Col-0 vs. 170 0.105 No 169 vs. 173 1 No 
170 vs. 173 0.757 No 173 vs. Ler 0.84 No 
170 vs. 168 0.988 No 173 vs. 168 1 No 
170 vs. 171 0.991 No 173 vs. 170 1 No 
170 vs. 169 1 No 173 vs. 167 1 No 
170 vs. 166 1 No 173 vs. 166 1 No 
170 vs. 172 1 No 173 vs. 171 1 No 
170 vs. 167 1 No 173 vs. B3-2 1 No 
167 vs. 173 0.691 No B3-2 vs. Ler 0.047 No 
167 vs. 168 0.981 No B3-2 vs. 168 1 No 
167 vs. 171 0.986 No B3-2 vs. 170 1 No 
167 vs. 169 1 No B3-2 vs. 167 1 No 
167 vs. 166 1 No B3-2 vs. 166 1 No 
167 vs. 172 1 No B3-2 vs. 171 1 No 
172 vs. 173 0.842 No 171 vs. Ler 0.911 No 
172 vs. 168 0.997 No 171 vs. 168 1 No 
172 vs. 171 0.998 No 171 vs. 170 1 No 
172 vs. 169 1 No 171 vs. 167 1 No 
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Pi Plant line/accession P Value P<0.05 Phi Plant line/accession P Value P<0.05 
172 vs. 166 1 No 171 vs. 166 1 No 
166 vs. 173 0.898 No 166 vs. Ler 0.983 No 
166 vs. 168 0.999 No 166 vs. 168 1 No 
166 vs. 171 1 No 166 vs. 170 1 No 
166 vs. 169 1 No 166 vs. 167 1 No 
169 vs. 173 0.932 No 167 vs. Ler 0.935 No 
169 vs. 168 1 No 167 vs. 168 1 No 
169 vs. 171 1 No 167 vs. 170 1 No 
171 vs. 173 0.999 No 170 vs. Ler 0.969 No 
171 vs. 168 1 No 170 vs. 168 1 No 
168 vs. 173 0.999 No 168 vs. Ler 0.996 No 
Table A.2 Significant difference in primary root length between the EMS mutant line 
EMS19 (first selfed progeny EMS19-S1) and the parental wildtype lines Col-0 and Ler in 
control (Pi) and Phi treatment (Phi) using Two Way ANOVA with post hoc Tukey test. 
Pi Plant line/accession P Value P<0.050 Phi Plant line/accession P Value P<0.050 
EMS19-S1 vs. Ler <0.001 Yes Ler vs. 178 <0.001 Yes 
EMS19-S1 vs. Col-0 <0.001 Yes Ler vs. Col-0 <0.001 Yes 
EMS19-S1 vs. 178 <0.001 Yes Ler vs. 177 0.003 Yes 
EMS19-S1 vs. 177 <0.001 Yes Ler vs. 174 <0.001 Yes 
EMS19-S1 vs. 174 <0.001 Yes Ler vs. EMS19-S1 <0.001 Yes 
EMS19-S1 vs. 176 <0.001 Yes Ler vs. 176 0.057 No 
176 vs. Ler 0.002 Yes 176 vs. 178 <0.001 Yes 
176 vs. Col-0 0.226 No 176 vs. Col-0 <0.001 Yes 
176 vs. 178 1 No 176 vs. 177 0.755 No 
176 vs. 177 1 No 176 vs. 174 0.549 No 
176 vs. 174 1 No 176 vs. EMS19-S1 1 No 
174 vs. Ler 0.003 Yes EMS19-S1 vs. 178 <0.001 Yes 
174 vs. Col-0 0.296 No EMS19-S1 vs. Col-0 <0.001 Yes 
174 vs. 178 1 No EMS19-S1 vs. 177 0.824 No 
174 vs. 177 1 No EMS19-S1 vs. 174 0.568 No 
177 vs. Ler 0.007 Yes 174 vs. 178 0.15 No 
177 vs. Col-0 0.414 No 174 vs. Col-0 0.098 No 
177 vs. 178 1 No 174 vs. 177 1 No 
178 vs. Ler 0.01 Yes 177 vs. 178 0.41 No 
178 vs. Col-0 0.486 No 177 vs. Col-0 0.474 No 
Col-0 vs. Ler 0.167 No Col-0 vs. 178 0.997 No 
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Visual	 inspection	of	 the	extracts	 from	 the	Pi	 and	Phi	 concentration	analysis	 (see	
4.3.2.2)	showed	an	increased	pink	colouration	in	Phi	treated	samples,	indicative	of	
increased	 anthocyanin	 levels	 (Figure	 A.1).	 Despite	 this	 observation	 in	 tissue	
extracts,	there	was	no	visible	accumulation	or	increase	of	anthocyanin	from	control	
to	Phi	 treated	plants	 in	 leaves,	 the	 leaf	base	or	 the	 centre	of	 the	 rosette	prior	 to	
extractions.		
Quantifications	 of	 Phi-induced	 changes	 in	 anthocyanin	 levels	 could	 not	 be	
performed.	The	 sampled	plant	material	 allocated	 for	Pi	 and	Phi	 and	anthocyanin	
determination	 was	 not	 sufficient	 to	 perform	 both	 analyses	 and	 Pi,	 and	 Phi	
quantification	 was	 given	 higher	 priority.	 Resampling	 was	 not	 possible	 as	 the	
remaining	rosette	tissue	was	required	for	chlorophyll	and	gene	expression	analysis.	
Figure A.1 Anthocyanin accumulation seen as pink discolouration in randomly selected 
tissue extracts from hydroponically grown 34d old Phi-treated A. thaliana plants of 
accessions Bur-0 and Col-0.  
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Table A.3 Significance of variation between categories in six general stress, hormone, 
nitrogen and sulphur response genes and 19 known phosphate starvation response 
genes. Values of P≤0.05 signify statistical significance between samples of accessions 
Bur-0 and Col-0 in control and Phi treatment medium, based on Two Way ANOVA Post 




Pi - Phi 
Accession 
Col-0 - Bur-0 
















ANR1 0.778 0.031 0.404 0.031 0.379 0.326 
ERF1 0.778 0.015 0.033 0.160 0.366 0.978 
IAA5 0.020 0.659 0.004 0.016 0.276 0.001 
PR1 0.203 0.052 0.634 0.003 0.011 0.304 
SDI1 0.655 0.097 0.062 0.633 0.685 0.275 
VSP2 0.472 0.388 0.806 0.309 0.429 0.864 
FBX2 0.850 0.224 0.383 0.386 0.896 0.891 
NLA 0.125 0.005 0.094 0.013 0.543 0.105 
PHO1 0.827 0.072 0.122 0.030 0.685 0.904 
PHR1 0.250 0.033 0.474 0.021 0.957 0.085 
SPX1 0.447 0.504 0.275 0.874 0.268 0.923 
SQD2 0.326 0.001 0.001 0.034 0.945 0.133 
AT4 0.001 0.109 0.171 0.351 0.001 0.001 
miR399d 0.063 0.001 0.008 0.011 0.189 0.167 
PAP1 0.001 0.017 0.760 0.003 0.001 0.014 
PHO1;H1 0.001 0.001 0.001 0.065 0.013 0.001 
PHO2 0.002 0.035 0.021 0.488 0.004 0.091 
PLDζ2 0.003 0.001 0.085 0.001 0.002 0.264 
NMT3 0.001 0.001 0.653 0.001 0.001 0.089 
PHT1;1 0.437 0.090 0.046 0.745 0.176 0.679 
PHT1;4 0.975 0.048 0.035 0.483 0.475 0.409 
PHT1;5 0.535 0.002 0.002 0.089 0.852 0.177 
PHT1;7 0.960 0.009 0.013 0.133 0.057 0.587 
PS2 0.041 0.141 0.051 0.932 0.025 0.570 
WRKY75 0.505 0.012 0.298 0.009 0.694 0.178 
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Table A.4 Significance of variation in primary root length between parental lines and 
minimal set of Bur-0 x Col-0 recombinant inbred line (RIL) population and the parental 
lines. Values of P≤0.05 signify statistical significance based on Two Way ANOVA Post Hoc 
Tukey testing of primary root length in mm after 12d of growth in a vertical plate root 
development assay. 
Control (0.5mM Pi) Phi treatment (0.1/0.4mM Pi/Phi) 
parental line vs RIL # P value P<0.05 P value P<0.05 
Bur-0 
7 0.999 No 0.968 No 
14 1.000 No 1.000 No 
15 1.000 No 0.040 Yes 
17 1.000 No <0.001 Yes 
19 0.995 No 0.988 No 
21 0.842 No 0.299 No 
22 <0.001 Yes <0.001 Yes 
24 0.006 Yes 0.115 No 
26 0.553 No <0.001 Yes 
42 0.053 No 0.052 No 
43 0.651 No 1.000 No 
45 0.995 No 0.848 No 
56 0.937 No 0.957 No 
57 0.628 No 1.000 No 
62 <0.001 Yes <0.001 Yes 
63 1.000 No 0.995 No 
64 0.999 No 1.000 No 
66 <0.001 Yes 0.007 Yes 
67 0.090 No <0.001 Yes 
80 0.271 No <0.001 Yes 
Bur-0 Col-0 1.000 No 0.008 Yes 
Col-0 
7 1.000 No 0.818 No 
14 1.000 No 0.003 Yes 
15 1.000 No 1.000 No 
17 1.000 No 0.142 No 
19 1.000 No 0.716 No 
21 0.952 No 1.000 No 
22 <0.001 Yes <0.001 Yes 
24 0.017 Yes 1.000 No 
26 0.764 No 1.000 No 
42 0.123 No 1.000 No 
43 0.431 No 0.280 No 
45 0.968 No 0.957 No 
56 0.988 No 0.850 No 
57 0.415 No <0.001 Yes 
62 <0.001 Yes 0.996 No 
63 1.000 No 0.637 No 
64 1.000 No 0.041 Yes 
66 0.002 Yes 1.000 No 
67 0.194 No 1.000 No 
80 0.468 No 0.007 Yes 
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Table A.5 Measurements of root phenotypic traits in 163 lines of Bur-0 x Col-0 
recombinant inbred line population. 
RIL line 
PRL value 




[% of control] 
LRN SE % 
LRD value 
[% of control] 
LRD SE % 
Bur-0 80.12 1.83 131.43 22.19 158.52 20.87 
Col-0 58.59 3.40 87.72 4.40 151.02 7.75 
7 72.51 2.95 147.50 12.50 207.68 17.96 
14 78.81 2.88 165.79 15.57 212.80 18.29 
15 57.99 1.64 162.16 15.83 321.47 23.64 
17 36.88 4.01 171.43 23.88 464.15 48.40 
19 74.59 3.63 90.91 13.31 131.33 16.90 
21 79.19 4.45 143.92 36.82 174.65 33.71 
22 25.91 3.85 68.06 16.02 247.26 58.16 
24 76.93 2.24 115.38 10.21 148.32 9.99 
26 55.92 1.97 300.00 42.26 549.22 73.05 
42 62.67 5.72 82.14 16.59 124.39 18.87 
43 62.14 1.51 150.00 19.48 242.51 29.72 
45 59.42 2.02 105.97 8.57 177.23 11.17 
56 75.14 3.02 77.78 11.61 103.72 14.21 
57 70.52 2.97 88.93 10.79 123.58 12.78 
62 68.44 16.66 93.75 21.35 138.43 14.41 
63 68.70 1.92 112.00 11.31 167.06 13.44 
64 81.81 2.78 102.86 11.43 131.82 15.92 
66 73.28 4.69 195.00 25.40 250.70 38.31 
67 60.84 1.65 127.27 6.06 212.76 7.84 
80 36.06 1.72 60.00 5.86 164.76 12.39 
81 71.42 2.44 102.08 11.97 150.91 14.94 
90 51.38 1.85 135.94 14.03 257.79 26.80 
91 75.72 0.98 88.89 6.72 116.52 9.05 
95 88.40 6.44 114.29 37.51 138.71 47.62 
99 65.16 3.56 146.67 26.40 228.45 34.15 
103 60.31 2.90 145.45 26.62 248.30 41.96 
104 63.46 11.22 200.00 120.00 325.91 202.89 
105 71.49 7.45 114.29 53.45 155.82 70.90 
107 34.52 5.24 84.38 28.13 249.61 84.53 
109 60.84 2.41 206.67 20.00 360.92 22.06 
110 51.83 2.57 86.84 14.58 180.31 30.63 
111 50.99 2.30 96.67 7.45 191.34 10.92 
116 61.07 10.74 84.62 23.08 131.92 28.94 
117 73.96 1.42 126.53 17.48 171.43 22.06 
119 59.09 7.32 145.45 23.00 261.22 50.74 
123 88.57 3.22 314.29 41.85 361.41 47.56 
133 51.62 1.44 84.91 6.95 167.00 16.36 
137 54.14 2.11 102.08 4.92 190.43 11.06 
141 64.83 3.80 113.13 10.22 185.00 23.45 
143 69.95 6.42 79.55 18.72 119.39 22.21 
146 69.62 1.43 84.31 11.83 120.39 15.41 
147 71.45 2.84 70.00 25.91 103.22 34.32 
150 62.60 17.39 420.00 119.89 653.38 102.92 
151 73.49 2.66 106.25 25.77 122.03 27.42 
153 56.83 2.97 160.00 21.38 289.12 42.32 
156 72.93 1.73 82.35 6.46 112.66 10.78 
161 70.38 0.84 64.52 8.45 93.44 11.99 
165 66.27 1.34 106.82 7.24 163.44 12.30 
166 50.91 2.51 166.67 14.29 337.40 18.16 
180 79.61 1.15 83.33 8.03 106.21 10.59 
182 58.19 2.14 206.25 19.34 354.85 35.39 
183 72.77 1.64 104.00 9.07 144.05 11.85 
184 76.51 3.28 87.50 14.03 115.95 20.19 
186 46.43 1.43 201.36 13.70 447.71 35.00 
188 58.18 13.87 64.52 18.25 158.57 54.37 
189 59.98 1.18 300.00 17.82 502.39 28.08 








[% of control] 
LRN SE % 
LRD value 
[% of control] 
LRD SE % 
199 71.16 5.74 160.42 42.34 195.16 43.75 
200 50.96 1.92 118.92 9.14 237.09 19.14 
201 65.18 2.27 96.00 9.56 151.36 13.57 
203 80.66 3.15 100.00 29.28 120.68 34.13 
207 79.96 1.64 57.69 13.56 71.70 16.85 
209 66.47 4.54 100.00 13.09 159.01 29.87 
220 77.62 4.61 96.97 14.49 121.45 13.85 
221 85.43 2.46 156.00 18.58 182.25 19.89 
229 73.85 6.76 180.00 37.42 173.46 22.35 
230 117.05 2.49 233.33 28.17 208.40 23.74 
234 72.21 6.27 100.00 30.19 154.97 53.33 
238 62.36 3.11 262.50 43.37 356.69 55.02 
241 70.55 7.76 97.14 13.40 139.16 16.49 
243 80.60 1.65 100.43 10.41 124.06 12.10 
244 58.88 3.99 90.74 18.98 163.76 39.98 
246 46.32 3.95 207.14 41.74 413.65 68.92 
249 51.45 0.65 133.33 6.71 260.60 11.72 
250 50.64 5.96 66.67 30.86 144.23 64.31 
255 48.66 6.99 215.13 52.22 325.20 50.57 
256 69.34 1.19 105.36 6.00 152.54 10.35 
258 74.91 4.37 68.42 20.96 94.54 29.86 
269 47.73 7.11 92.52 39.74 147.19 60.90 
272 71.19 1.57 109.09 13.74 154.32 17.58 
274 74.31 3.60 116.13 12.90 155.48 12.50 
277 76.95 2.10 123.08 14.50 156.91 18.30 
281 58.56 1.74 113.33 9.47 197.24 20.40 
285 78.96 1.94 113.33 8.36 145.01 10.88 
289 81.71 1.79 140.00 21.38 171.68 29.26 
290 75.18 3.58 253.97 73.68 313.86 77.88 
292 80.63 1.28 93.65 7.94 116.62 9.85 
294 48.89 1.28 119.35 12.85 243.42 23.14 
296 57.87 4.76 155.36 35.13 334.40 77.98 
298 62.51 11.54 106.12 42.15 174.07 50.66 
300 73.36 2.11 38.24 13.29 53.38 18.25 
301 53.42 3.46 230.00 41.23 420.41 58.54 
302 49.66 2.91 129.27 14.25 259.33 18.06 
303 56.13 1.31 169.70 12.96 290.65 20.61 
307 79.82 2.26 119.25 14.91 157.18 19.87 
309 48.53 1.50 165.08 16.06 345.36 29.61 
310 84.47 2.05 66.67 17.26 80.06 21.34 
321 55.52 1.21 116.36 5.50 211.16 10.51 
322 38.97 6.08 34.29 13.78 90.97 29.84 
323 78.07 1.69 68.29 6.39 92.55 8.47 
324 59.91 1.70 127.03 9.53 211.90 15.53 
328 52.45 5.83 114.29 14.58 233.47 25.30 
335 76.69 5.53 95.68 21.26 116.39 27.01 
336 37.91 3.94 95.59 18.22 265.66 46.60 
337 52.99 6.86 266.67 88.89 440.84 212.08 
342 53.65 3.02 138.71 11.88 265.85 21.02 
345 84.99 1.93 82.86 22.42 94.30 25.22 
346 53.77 3.34 105.08 12.49 194.14 17.58 
351 38.95 0.82 63.46 3.49 169.00 7.81 
353 61.81 2.01 175.00 17.54 294.34 30.74 
354 81.75 3.60 292.31 67.56 367.98 69.20 
355 70.68 0.96 23.33 7.87 34.79 11.65 
357 101.52 5.57 187.50 47.95 126.09 28.96 
362 64.46 5.52 74.53 13.26 119.35 23.80 
364 73.37 1.95 57.58 16.48 79.00 22.26 
371 58.10 1.84 250.00 26.31 426.80 35.50 
372 50.57 2.63 151.85 13.06 303.64 24.73 
376 61.37 4.89 116.13 9.75 197.25 22.77 








[% of control] 
LRN SE % 
LRD value 
[% of control] 
LRD SE % 
384 74.22 5.17 73.08 12.92 104.81 21.34 
400 119.85 6.71 240.63 50.60 194.89 41.00 
404 64.95 1.25 97.62 6.67 151.04 10.63 
409 53.25 4.01 134.62 20.92 265.46 45.57 
419 82.49 2.94 75.00 25.00 94.43 31.55 
421 80.31 3.07 100.00 7.37 124.10 8.13 
428 82.04 1.58 91.30 6.36 112.37 7.22 
430 65.25 4.19 82.61 11.27 131.80 21.67 
431 68.07 13.24 285.71 122.34 321.80 83.26 
438 81.33 1.63 114.29 16.10 139.72 20.10 
440 82.61 1.19 83.33 9.52 103.20 11.42 
445 98.04 3.94 190.91 59.81 171.20 44.46 
450 89.39 11.97 84.21 13.25 93.67 12.00 
455 74.25 1.82 57.14 9.29 76.69 11.22 
460 59.52 1.06 205.00 17.63 344.32 32.59 
462 54.02 4.19 218.18 52.64 481.65 128.23 
467 54.42 1.95 109.38 16.32 211.51 32.67 
473 82.79 1.35 87.88 10.18 106.69 11.41 
476 84.67 5.64 58.33 12.06 79.82 7.05 
477 50.55 6.10 87.50 26.31 142.80 44.25 
478 83.71 1.41 82.86 10.17 98.92 10.80 
479 66.50 5.10 52.75 12.94 75.20 17.87 
485 76.01 2.92 103.03 13.55 134.47 16.63 
488 70.09 4.46 75.00 25.86 99.17 30.78 
489 76.13 1.30 57.07 12.12 78.47 16.14 
491 58.09 6.57 88.24 25.83 167.14 52.80 
494 74.10 2.45 280.00 45.36 387.19 64.07 
496 126.53 9.80 100.00 35.36 75.40 25.87 
497 76.36 4.42 100.00 23.38 128.87 26.71 
498 65.01 3.12 111.43 13.27 172.15 16.68 
499 82.17 1.67 76.92 25.90 94.91 30.19 
502 81.17 2.26 89.66 10.10 114.59 11.63 
504 56.21 2.59 158.33 15.11 282.51 28.17 
507 85.73 6.90 74.53 17.68 91.38 21.18 
509 83.34 1.13 84.00 15.93 102.75 19.23 
511 92.95 1.79 125.93 12.20 150.13 15.51 
514 78.83 4.56 80.00 15.12 104.58 19.88 
519 54.23 4.19 225.00 65.39 410.58 123.98 
521 47.50 1.45 55.56 25.34 117.42 53.12 
524 66.75 3.08 85.19 3.70 130.87 9.93 
525 64.66 2.45 93.88 12.02 146.55 16.71 
526 83.46 12.21 100.96 22.99 122.65 21.14 
530 82.83 2.66 102.33 11.66 122.62 13.45 




Table A.6 QTL analysis result values of LOD score, LOD loci, markers and marker locations for tested traits. * indicates highly significant (P≤0.01) peak 
scores, all other are significant (P≤0.05). 
Trait 




Position in bp 
from start of 
















1 1 *4.3059* 2.000 0.000 5.500 c1_00593 c1_02212 7.0451 3.9315 
1 1 *5.7057 8.000 6.500 10.500 c1_02992 c1_04176 8.9198 -4.4681 
1 1 *7.1386 73.000 70.500 78.500 c1_22181 c1_23381 11.9155 -5.1883 
1 1 *10.1107 90.000 86.500 92.500 c1_25698 c1_26993 16.8292 -6.0855 
1 3 2.4322 29.000 25.500 34.500 c3_09748 c3_10996 3.6144 2.8158 





2 1 2.4289 63.000 54.500 68.500 c1_18433 c1_20384 4.9898 -23.0038 
2 1 *5.4567 74.000 71.500 78.500 c1_22181 c1_23381 11.5129 35.4111 




LRN 3 1 *3.2818 88.000 84.500 94.500 c1_25698 c1_26993 7.1618 18.6916 
Abbr.= Abbreviation, bp= base pair, Chr. No=Chromosome number, CI= confidence interval calculated by one-LOD drop from the estimated QTL position. 
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Table A.7 Significance of variation in ten QTL candidate genes. Values of P≤0.05 signify 
statistical significance between samples of accessions Bur-0 and Col-0 in control and 






Pi - Phi 
Accession 
Col-0 - Bur-0 
















GASA1 <0.001 <0.001 <0.001 0.203 <0.001 0.037 
GPT2 0.099 0.004 0.690 <0.001 0.001 0.128 
LPR2 0.002 0.005 0.448 <0.001 <0.001 0.679 
miR399b 0.846 0.215 0.172 0.698 0.724 0.502 
MYB62 0.026 0.276 0.027 0.426 0.005 0.908 
PHO1;H10 0.032 0.894 <0.001 <0.001 <0.001 0.009 
PHT1;8 0.986 0.100 0.078 0.564 0.556 0.503 
PHT1;9 0.422 <0.001 0.001 0.034 0.194 0.759 
PHT5;1 0.337 0.004 0.001 0.466 0.043 0.370 
WRKY6 0.032 0.149 0.643 0.018 0.918 0.004 
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Table A.8 List of chosen and analysed phosphite induced QTL candidate genes (BLUE), 
and reference genes (RED) 
Abbreviations are given for Arabidopsis Gene Identifier (AGI) and disassociation temperature of primer from template (TM) 





















































WRKY6 AT1G62300 WRKY DNA-BINDING PROTEIN 6 
CAGAAGGTGAATTCTACTACCC 60.0 
118 
GACATCCATCGCTTATCATC 58.2 
